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ABSTRACT: Postfrontal clouds (PFC) are ubiquitous in the marine boundary layer, and their morphology is essential to
estimating the radiation budget in weather and climate models. Here we examine the roles of sea surface temperature
(SST) and meteorological factors in controlling the mesoscale morphology and evolution of shallow clouds associated with
a cold-air outbreak that occurred on 1 March 2020 during phase I of the Aerosol Cloud Meteorology Interactions over the
Western Atlantic Experiment (ACTIVATE). Our results show that the simulated PFC structure and ambient conditions
by the Weather Research and Forecasting (WRF) Model are generally consistent with observations from GOES-16 and
dropsonde measurements. We also examine the thermodynamical and dynamical influences in the cloud mesoscale mor-
phology using WRF sensitivity experiments driven by two meteorological forcing datasets with different domain-mean
SST and spatial gradients, which lead to dissimilar values of hydrometeor water path and cloud core fraction. The SST
from ERA5 leads to weaker stability and higher inversion height than the SST from FNL does. In addition, the use
of large-scale meteorological forcings from ERA5 yields a distinctive time evolution of wind direction shear in the inner
domain, which favors the formation and persistence of longer cloud rolls. Both factors contribute to a change in the time
evolution of domain-mean water path and cloud core fraction of cloud streets. Our study takes advantage of the simulation
driven by the differences between two large-scale forcing datasets to illustrate the importance of SST and wind direction
shear in the cloud street morphology in a realistic scenario.

KEYWORDS: Cloud cover; Clouds; Cloud resolving models

1. Introduction

Clouds in the wake of cold fronts, namely, postfrontal
clouds (PFCs), are populated at low levels in the marine
boundary layer (Naud et al. 2018; Agee 1987). These clouds
influence the reflectivity and vertical turbulent transport in
the boundary layer (Gryschka et al. 2014). Predicting cloud
cover and structure of such ubiquitous low-level clouds is es-
sential to estimating precipitation and radiation in weather
and climate models. However, their prediction relies on multi-
ple processes smaller than typical numerical model grids.
Thus, general circulation models (GCMs) and also reanalyses
datasets have difficulty representing both the correct amount
and the coherent structure of the distribution of such clouds
(Naud et al. 2014; Williams et al. 2013).

In postfrontal regions, satellite imagery often exhibits a cloud
street pattern in a form of extended parallel cumulus clouds
over coastal waters (Walter and Overland 1984; Atkinson and
Zhang 1996). Those cloud street cases are frequently observed
to the east of land and over relatively warm sea surfaces dur-
ing the cold-air outbreak events, for example, in the northwest
Pacific Ocean (e.g., Wu and Chen 2021; Chen et al. 2019),
over the western Gulf Stream (e.g., Chou and Ferguson 1991),

or the Greenland Sea (e.g., Chlond 1992). Those cloud streets
are usually oriented almost along the mean wind direction, with
a roll wavelength ranging between 2 and 20 km. The downwind
longitudinal extension of these rolls into helical eddies (Etling
and Brown 1993) can reach between 10 and 100 km. The most
common explanation of cloud streets is that they are the result of
convection (i.e., thermal instability) occurring with strong wind
shear (i.e., dynamic instability). Mason (1983) examined the in-
fluence of the Monin–Obukhov length (Foken 2006) on roll
vortices by two-dimensional (2D) simulations and concluded
that typical large-scale roll vortices are essentially buoyancy
driven with nondominant shear production. Zurn-Birkhimer
et al. (2005) showed that the coherent structures grow in a
building block fashion with buoyancy as the dominating
physical mechanism for organizing the convection (even in
the presence of substantial wind shear).

Besides the interest in the formation of cloud streets, the
morphology of cloud streets is also of great interest. Gryschka
and Raasch (2005) found an angle of 308 between the coherent-
structure axis and the geostrophic wind direction. Salesky et al.
(2017) found that the transition from roll to the cellular cloud or-
ganization occurs gradually over a range of stability conditions,
from neutral to the highly unstable and convective boundary
layer. In addition, Wu and Chen (2021) examined the response
of cloud streets to aerosols, which revealed a clear aerosol al-
bedo effect but a lack of the indirect effect on liquid cloud water
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due to the interplay between dynamical and thermodynamical
mechanisms.

Inaccurate and inconsistent parameterization schemes have
been thought to be one critical source of the bias in simulating
the amount of PFCs in GCMs (Lamraoui et al. 2019; Field
et al. 2014). Lamraoui et al. (2019) found that many factors
significantly impact the distribution of such clouds by their
distinct configurations with different planetary boundary layer
(PBL) and convection schemes. Those factors include the
strength of PBL decoupling, vertical wind shear, entrainment
and detrainment rates in shallow convection, and the occur-
rence of drizzle. Convective schemes modulate the warming
and moistening of the environment through clouds by param-
eterizing the vertical transport of mass flux. PBL schemes reg-
ulate the thermodynamic structure of the subcloud layer
through the interaction with the large-scale flow and surface
fluxes. Lamraoui et al. (2019) also found that microphysics
schemes have weaker impacts on the cloud amount than the
PBL and convective schemes. Simulations at a mesh size
smaller than the typical climate model grid box are often used
to reproduce many features of PFCs and improve the under-
standing of the mechanisms behind their formation and evolu-
tion (Abel et al. 2017; Kawase et al. 2005; Kazemirad and
Miller 2020; Mechem et al. 2010; Wu and Chen 2021). Such
fine-mesh-sized simulations (i.e., spatial grid spacing at
∼1 km) has proved to be able to capture the secondary meso-
scale circulations, which are necessary to form the spatial pat-
terns of observed PFCs including cloud street (e.g., Etling and
Brown 1993) and mesoscale cellular clouds (e.g., Wang and
Feingold 2009). Liu et al. (2004) for the first time performed
three-dimensional (3D) simulations at a grid spacing of 500 m
to explicitly resolve convection in a domain sufficiently large
to allow for the evolution of multiple cloud rolls in the PFC
region. Lai et al. (2020) showed increasing resolution from
27 to ∼0.1 km leads to a transition from stratiform-like clouds
to roll-like structures along with the transition from a more
buoyancy-driven PBL to a more shear driven PBL.

PFCs usually exist on the downstream side of the geo-
strophic wind, so the uncertainties with the upstream informa-
tion also bias the simulation of cloud amount and structure.
Much effort has been invested into constructing the large-
scale forcings for the limited area simulations (e.g., Endo et al.
2015; Li et al. 2021). Particularly for PFCs, surface fluxes,
wind and moisture are assumed to be deterministic factors for
the formation of cloud streets including their morphology
(LeMone 1973; Spensberger and Spengler 2021; Babić and De
Wekker 2019). Here we present a case study associated with a
cold-air outbreak during the Aerosol Cloud Meteorology Inter-
actions over the Western Atlantic Experiment (ACTIVATE)
field campaign. We performed sensitivity studies for various
large-scale forcing datasets (as initial and boundary condi-
tions for the regional model) to reveal the impact of forcing
on the mesoscale morphology of cloud streets in the post-
frontal region. The remaining content of this study is orga-
nized as follows. Section 2 introduces the case study and
model configurations. Section 3 shows the comparisons of
cloud structure and PBL profiles between simulations and

observations, and the sensitivities to the forcings. Section 4
summarizes the conclusions and discussion.

2. Case study and model setup

ACTIVATE is designed to understand the variability of
marine boundary layer clouds and the multiple feedbacks that
hinder scientists’ efforts to attribute changes in cloud proper-
ties to aerosol perturbations over the western North Atlantic
Ocean (WNAO) including cold-air outbreak events (CAOs)
(Sorooshian et al. 2019; Dadashazar et al. 2021). The WNAO
region is subject to a distinct range of lower tropospheric
stability (LTS) values that give rise to wide liquid water path
variability. PFCs prevail in this region during the winter season
and they represent a cloud type suffering large underrepresen-
tation in climate models with only a few-percent coverage com-
pared to remote sensing observations of 15%–20% (Sorooshian
et al. 2020; Field et al. 2017, 2014; Painemal et al. 2021a). To
acquire collocated measurements within the PBL, simulta-
neous sampling by in situ and remote sensing instruments are
available from two aircraft along with dropsondes and satel-
lite measurements. This aims at improving the understanding
in the meteorological controls on marine boundary layer
clouds, including LTS, sea surface temperature (SST), winds,
horizontal advection, and large-scale subsidence. ACTIVATE
includes 3 years of flights (2020–22) in different seasons, and
this work focuses on data from the first year. Li et al. (2021)
derived large-scale divergence and surface turbulent fluxes
from the ACTIVATE measurements and reanalysis products
for two CAOs and evaluated the simulated PBL state and
clouds by large-eddy simulation (LES; with a grid spacing of
100–300 m) with measurements. Their work paves the path
for investigating aerosol–cloud–meteorology interactions
using LES informed and evaluated by ACTIVATE field
measurements.

Cloud products estimated from the GOES-16 Advanced
Baseline Imager (ABI) are derived using the NASA’s Clouds
and the Earth’s Radiant Energy System (CERES) Edition
4 algorithms (Minnis et al. 2011, 2021) adapted to ingest ABI
radiometric channels, and integrated into the NASA Satellite
Cloud and Radiation Property retrieval System (SatCORPS;
e.g., Minnis et al. 2008; Painemal et al. 2021b). For ACTIVATE,
GOES-16 retrievals were produced at 2 km pixel resolution
every 20 min.

This study focuses on one of the two CAO events reported
in Li et al. (2021), which took place on 1 March 2020 with
PFCs appearing in the WNAO region. Our goal is to examine
the mesoscale morphology of PFCs in a large domain with re-
alistic large-scale forcings and boundary conditions. Figure 1
shows cloud optical depth over four consecutive days from
27 February to 1 March. A cold front passed the WNAO re-
gion on 27 February with the frontal clouds persisting in the
southeast of WNAO domain at least ∼3 days afterward. On
29 February, a cloud deck was observed over WNAO that
moved eastward on 1 March. Our focused case on 1 March in-
cludes those broken PFCs behind trough. Figure 2 shows the
liquid water path (LWP) and ice water path (IWP) from
GOES-16 2 km spatial resolution at 0801 and 1001 eastern
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standard time (EST). In the top row of Fig. 2, the large cloudy
area in southwest shows the trough and a large area of PFCs
to the west. That PFC was dissipating in the local morning
forming line and cellular structure, as the zoom-in figure in
the bottom row shows. Vertical profiles of air pressure P, tem-
perature T, relative humidity RH, and horizontal velocities u
and y were measured by eleven dropsondes released from
NASA Langley Research Center’s King Air aircraft. The
dropsonde measurements (i.e., red dots) were released be-
tween 0951 and 1045 UTC measuring meteorological parame-
ters within the PBL and lower free troposphere. We use both
GOES-16 and dropsondes to evaluate the model simulations
in section 3.

We use the Weather Research and Forecasting (WRF)
Model V4.2 to simulate the mesoscale features of PFCs
(Skamarock et al. 2019). The nested-domain simulations
are designed to have an outer domain covering a larger area
but with coarser resolution and an inner domain covering a
smaller area but with higher resolution. The outer domain of
the simulations includes most of the WNAO region, covering
the eastern coast of the United States and the northwest
Atlantic Ocean (Sorooshian et al. 2020). In this case study,
the outer domain covers the location of the cold front and the
whole postfrontal region. The lateral side of the outer domain
size is 1650 km using a 3 km horizontal grid spacing. It has

150 vertical levels extending up to 16 km with a constant ∼46 m
grid spacing near the surface up to 6 km. The inner domain
adopts the same vertical grid spacing. Each side of the square
inner domain is 450 km with a 1 km horizontal grid spacing,
covering the dropsonde sampling area and the cloud streets.
We use two-way nesting (Harris and Durran 2010), so that the
inner domain higher-resolution features can propagate to
the outer domain and feedback to the inner domain in later
time steps, while in the one-way nesting inner domain does not
impact outer domain. We use the Morrison two-moment micro-
physics scheme (Morrison et al. 2005), Yonsei University PBL
scheme (YSU; Hong and Lim 2006), and Rapid Radiative Trans-
fer Model for GCMs (RRTMG) scheme for longwave and short-
wave radiation (Iacono et al. 2008) to represent the subgrid-scale
processes. An interactive land option is turned on with the uni-
fied Noah land surface model (Chen and Dudhia 2001). We
turned off the subgrid convection parameterization because it
is well known that subgrid-convection-off simulations show
better consistency than subgrid-convection-on simulations at
gray-zone scale (Field et al. 2017).

All simulations mentioned in section 3 are summarized in
Table 1. The sensitivity simulations shown in Table 1 are con-
structed by swapping initial and boundary condition variables
between the fifth generation of atmospheric reanalysis from
European Centre for Medium-Range Weather Forecasts

FIG. 1. Cloud optical depth on (a) 27 Feb, (b) 28 Feb, (c) 29 Feb, and (d) 1 Mar at 1501 UTC
(1001 EST) each day retrieved from GOES-16. The red arrows indicate the alignments of the
first cold-frontal clouds passing over the WNAO region on 27 Feb. The number indicates the
first cold-frontal events and the cloud deck in postfrontal region.
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(ERA5) and National Centers for Environmental Prediction
(NCEP) Final Operational Global Analysis data (FNL).
ERA5 is the latest generation of global reanalysis dataset pro-
duced by the European Centre for Medium-Range Weather
Forecasts (ECMWF), which provides dozens of commonly
used land surface and atmospheric variables with temporal
coverage from 1950 to present (Hersbach et al. 2020). By
assimilating a large number of ground-based observations,
atmospheric sounding data, and remote sensing data, ERA5
provides reasonable spatial and temporal variability of precipi-
tation at a large scale. Particularly in regions with dense
ground-based data such as in North America and Europe,
ERA5 shows better performance after assimilating those

ground-based observations (Tarek et al. 2020; Bandhauer et al.
2021). NCEP-FNL data (National Centers for Environmental
Prediction 2000) are also widely used to generate forcing
for limited-area models (e.g., Fast et al. 2019). NCEP-FNL
provides the final operational global analysis data from the
Global Forecasting System of the National Centers for Envi-
ronment Prediction. Note that here we do not aim to evaluate
different datasets but rather conduct sensitivity simulations
with different yet consistent and realistic surface and boundary
conditions. The goal is to show how differences in surface heat-
ing, wind shear, and moisture between ERA5 and FNL impact
the evolution and characteristics of cloud streets in the WNAO
PFC region on 1March 2020. We construct the sensitivity studies

FIG. 2. Liquid water path (LWP) or ice water path (IWP) from GOES-16 (2 km) for (a),(b) a larger area of the
WNAO and (c),(d) a zoom-in region with cloud street and open cellular clouds at (a),(c) 0801 and (b),(d) 1001 EST.
Red rectangles indicate where the zoom-in region is. Green contours are the geopotential heights at 500 hPa from
ERA5. Red dots show dropsonde locations.

TABLE 1. This table summarizes the simulations mentioned in section 3c(1). Differences apply to the initial and boundary
conditions. SST refers to sea surface temperature, and METEO refers to the geopotential height, potential temperature, winds, and
water vapor mixing ratio.

Simulation name Configurations

ERA5 Control simulation, driven by ERA5 reanalysis datasets
ERA5(FNL_SST) As in ERA5, except that the SST is from FNL
ERA5(FNL_METEO) As in ERA5, except that geopotential height, potential temperature, winds, and water vapor mixing ratio

are from FNL
FNL As in ERA5, except that it is driven by FNL analysis datasets
FNL(ERA5_SST) As in FNL, except that SST is from ERA5
FNL(ERA5_METEO) As in FNL, except that geopotential height, potential temperature, winds, and water vapor mixing ratio

are from ERA5
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by swapping variables between ERA5 and FNL and analyze the
response of simulated cloud street morphology to the differences
between those two forcing datasets. The swapped variables
in the initial and boundary forcings include SST and METEO
(geopotential height, potential temperature, winds, and water
vapor mixing ratio). Swapping the selected variables in the two
datasets can help identify the role of factors in affecting the mor-
phology of cloud street in a realistic scenario, which usually can-
not be achieved by arbitrarily decreasing or increasing the
values, although the latter is widely used by many studies to con-
struct sensitivity studies (e.g., an idealized study on entrained
aerosols; Chen et al. 2020). One of the challenges associated
with this method is to disentangle more than one aspect from
one spatial pattern (e.g., SST domain-mean values, gradient).
Although it is a challenge to explain all the differences in the mor-
phology of clouds, our analysis shown in section 3 is still helpful to
identify impacts of factors on the cloud street morphology.

Sections 3a and 3b show the model–observation comparisons
and cloud morphology characterization based on the control
simulation (i.e., “ERA5” in Table 1). Section 3c shows the sen-
sitivities of cloud morphology to the forcing datasets. Section 4
summarizes the conclusion and provides the discussions.

3. Results

In this section, we evaluate the WRF simulations of PFCs
characteristics and quantify the sensitivity of cloud streets to
large-scale forcings. The definition of a few terms and varia-
bles used in our analysis are summarized in Table 2.

a. Evaluating WRF simulation with observations

Snapshots of the simulated liquid and all-ice water path are
shown in Fig. 3 with the top row showing the outer domain
and the bottom row showing the inner domain. There is a
large area of clouds covering the eastern part of the outer do-
main, whereas broken low-cloud deck and cloud streets ap-
pear in the inner domain. Those features are consistent with
the GOES-16 observations in Fig. 2. From 0801 to 1001 EST,
the cloudy area decreases with larger and larger gaps between
clouds, demonstrating the dissipation during this period. Simi-
lar dissipation also appears in the GOES-16 images. There
are small discrepancies in cloud structure between GOES-16

and WRF simulations. The cloudy roll features observed
in GOES-16 are visually more curved than those simulated
in the model. At 0801 EST, GOES-16 shows cloud streets
that extend to the northwest corner of the domain (Fig. 2c),
while WRF simulates less cloud coverage for the same area
(Fig. 3c). These discrepancies between the model and ob-
servations are likely due to unresolved turbulence and
convection in the mesoscale model or uncertainties in
large-scale forcing datasets (e.g., colder boundary layer in
the model in Fig. 5a).

The total water path histogram between the inner domain
of the WRF simulation “ERA5” and GOES-16 are compara-
ble (Fig. 4). At 1001 EST, GOES-16 shows a larger probabil-
ity density between 10 and 100 g m22 and a smaller density at
larger total water path. The small model overestimation at
1001 EST is likely related to the slightly slower dissipation in
the model. We also use dropsonde measurements from the
ACTIVATE campaign to evaluate the simulated boundary
layer properties (Fig. 5). Both dropsondes and WRF simula-
tions show in the potential temperature (Q) and water vapor
mixing ratio (Qy) a well-mixed marine boundary layer with
the inversion height at ∼1.5 km. Despite the relatively colder
temperature from the model as compared to measurements at
dropsonde locations, moisture and wind are comparable in
terms of mean values. The colder temperature might be due
to biases in the forcings from ERA5 reanalysis (Seethala et al.
2021). Also, WRF shows smaller spatial variations of Qy

above the boundary layer than dropsondes. Since the WRF
simulation reproduces the cloud street structure and generally
agree with dropsonde measurements regarding boundary
layer properties, we use the simulation “ERA5” as the control
simulation to study factors influencing the evolution and me-
soscale morphology of cloud streets.

b. Characteristics of postfrontal clouds

The outer domain of our WRF simulations covers a large area,
including land, coastal cloud-free areas, PFCs, and the frontal
cloud region. The mechanisms and processes of the clear-sky or

cloudy conditions are different in different subregions. To better
characterize the variations in different cloud spatial structures,

we divided the outer domain into six zones based on the

TABLE 2. Summary of terms and variables used to characterize features and morphology of cloud streets.

Term Definition

Total water path (WP) Vertically integrated hydrometeor mixing ratio including cloud, rain, ice, graupel,
and snow

Cloud core fraction WP/WPsm, where the subscript “sm” denotes “smoothed” cloud field
Cloud mask Area where cloud core fraction WP/WPsm . 0.8
Aspect ratio of cloud mask (L1/Ls) Ratio of the longest dimension (Ll) to the shortest dimension (Ls) of the defined

cloud mask
Angle between cloud alignment and

wind direction
Angle between the longest dimension of cloud mask and wind direction

Instability Qsurf 2 Q850hPa

Wind direction shear WD850hPa 2 WD950hPa averaged below clouds with L1/Ls . 2
Long roll L1/Ls . 6
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underlying surface (i.e., land–sea type) and cloud patterns at
1000 EST (Fig. 6). The cloud water path is smoothed by a uniform
filter of 30 grids, which removes the high-frequency variations in
the complex cloud structure. Then we separate out the clear
coastal and zones 3–6 with the values of smoothed water path
(WPsm) of ,40, 40–200, 200–500, and .500 g m22, respectively.
Figure 6 demonstrates that this method marks the boundary and

transition of cloud street zones, which also shows a good align-
ment with the coastal line and the cloud patches in close proximity
of the frontal system. The key feature of the cloud pattern in each
zone is as the name indicates. The PFC region (i.e., zones 4 and 5)
has both the cloud street and other forms of broken shallow cloud
coexisting. In zone 4, cloud streets are the primary form, while in
zone 5, both cloud streets and open-cell clouds exist.

FIG. 3. Liquid and all-ice water path from WRF for (a),(b) the outer domain with a horizontal grid spacing as 3 km
and (c),(d) the inner domain with horizontal grid spacing as 1 km at (a),(c) 0801, and (b),(d) 1001 EST. Red dots rep-
resent dropsonde locations.

FIG. 4. Probability density function of the total water path at (a) ∼0800 and (b) ∼1000 EST from WRF inner domain
andGOES-16 with the same regions as the inner domain of WRF simulation “ERA5.”
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Figure 7 shows the profiles of temperature, moisture,
clouds, and dynamical features below 600 hPa at 1000 EST.
The inversion cap is found in all zones at ∼800–900 hPa
except for the region close to the frontal system. Differences
in surface temperature reflect different boundary layer struc-
ture at various distances to the frontal system. Generally, the
oceanic region (zone 2–6) is featured with more moisture and
large horizontal wind speed than the land region (zone 1).
The marine boundary layer does not exhibit evident wind
speed shear but it shows a strong wind direction shear in all
the zones. From land to the frontal system, wind directional
shear, comparing winds at the surface to the free troposphere,
changes from clockwise to counterclockwise with the transi-
tion occurring between the clear sky and the cloud streets,
which suggests that a lack of cloud streets into clear sky near
the coastal area is likely associated with the direction of wind

direction shear, although the weaker near-surface winds
and surface fluxes in zone 2 might play an important role in
determining the lack of clouds. Previous studies found that
Ekman spiral from horizontal winds leads to horizontal vor-
ticity and favors the formation of roll clouds (e.g., LeMone
1973). The linkage between boundary layer wind shear and
cloud street morphology is further explained by the results of
sensitivity studies in section 3c. Large-scale ascending motion
(i.e., positive vertical wind speed, w) in the frontal cloud re-
gion might have led to the compensating subsidence in the
postfrontal regions with the zone 5 having the strongest sub-
sidence at ∼800 hPa (Fig. 7e). The variance of vertical veloc-
ity is the largest in the frontal region and becomes larger
when getting closer to the frontal system at the PFC region.
Except for the frontal system, other regions do not have sig-
nificant liquid precipitation (dash lines in Fig. 7g) but snow is

FIG. 5. Profiles of (a) potential temperature Q, (b) water vapor mixing ratio Qy, (c) horizontal wind speed S, and (d) horizontal wind
direction WD. Black lines are the spatially and temporally (between 0945 and 1045 EST) averaged values from WRF simulation in the
smallest box covering dropsonde locations. Gray shading denotes the range of values within the smallest box covering dropsonde locations
averaged between 0945 and 1045 EST from the model.

FIG. 6. Various zones with the WRF outer domain defined by the surface and cloud patterns at 1000 EST.
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evident in the PFC region. The height of maximum momen-
tum, energy, and moisture transport from zone 1–6 increases
generally. All those features indicate multiple factors affect-
ing the formation of the roll structure including, but not lim-
ited to, buoyancy and wind direction shear. It is expected
that simulating the morphology of roll clouds is related to the
representations of SST and meteorological factors in the lat-
eral and surface boundary meteorological conditions.

We quantitatively characterize the morphology of cloud
streets in Fig. 8. The probability density function (PDF) of
cloud area size distribution, shown in Fig. 8a, suggests a decreas-
ing trend of cloud size with time in the morning and early after-
noon. Here we define the cloud mask by the cloud core fraction
WP/WPsm . 0.8 to quantify the broken level of the cloud deck

without the interference of cloud thickness, where the subscript
“sm” denotes “smoothed” cloud field (Table 2). Note that the
results do not depend on the choice of the threshold values
(i.e., 0.8). The decreasing inversion height with time in Fig. 8a
indicates the effect of subsidence in the postfrontal area.
Figure 8b shows that the domain-mean total water path from
both liquid and all-ice phase has a peak at about 0600 EST
but the domain-mean cloud core fraction decreases from 0500 to
1500 EST. During the cloud dissipation, the cloud deck initially
breaks. Then the area of clear gaps expands.

The strength of cloud street can be quantified by the shape
of the cloud mask quantified by the ratio of the longest
dimension to the shortest dimension (i.e., aspect ratio L1/Ls,
Table 2). Figure 8c shows the histograms of L1/Ls at five

FIG. 7. Comparison of mean profiles of (a) potential temperature, (b) water vapor mixing ratio, (c) horizontal wind speed, (d) horizontal
wind direction, (e) vertical velocity, (f) variance of vertical velocity, (g) cloud and rainwater mixing ratio, (h) ice water mixing ratio,
(i) snow mixing ratio, (j) graupel mixing ratio, (k) water vapor flux, (i) energy flux, (m) west–east wind flux, (n) northwest wind flux, and
(o) buoyancy from the six zones in Fig. 6.
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snapshots. Most clouds have their L1/Ls between 1 and 2. The
percentages of clouds with L1/Ls . 2 are 30.21%, 20.51%,
21.30%, 16.76%, and 21.10% at 0600, 0800, 1000, 1200,
1400 EST, respectively, and the percentages of the long clouds
with L1/Ls . 6 are 0.24%, 0.85%, 1.18%, 0.99%, respectively.
The most elongated clouds at 1000 EST have L1/Ls of 12.67.
Thus, the dissipation of the clouds between 0500 and 1500 EST
can be divided into two stages. The roll clouds are stabilized with
the L1/Ls becoming larger during the first stage, while the roll
clouds break and form segments of small cloud patches in the
second stage. The dividing time is ∼1000 EST.

Red lines in Fig. 8d show the instability (solid line) and the
wind direction shear (dashed line). The boundary layer be-
comes more stable during the day. The wind direction shear
increases until 0900 EST, suggesting that the dynamical insta-
bility from the Ekman spiral plays dominant roles in the for-
mation of the roll clouds in this case. Figure 8d also shows the
angles that clouds (only included L1/Ls . 4) tilted clockwise
from the wind direction at 800 hPa. Before 0600 EST, most
clouds have an angle of ∼2708 (i.e., counterclockwise) to the
wind direction. Starting from ∼0600 EST, clouds have angles
around ∼148 with the majority having the shift after 0900 EST.
The dominant angle (i.e., ∼148) is consistent with theory with
dynamical Ekman spiral and assumed neutral stratification
(e.g., Atkinson and Zhang 1996).

c. Sensitivities of cloud streets to the large-scale forcings

We have the following hypothesized factors that influence
PFC cloud amount and morphology: 1) the thermal factor:
heating from surface turbulent fluxes in the morning triggers
or strengthens convection and mixing in the marine boundary
layer; and 2) the meteorological factor: wind and moisture
content over the PFC region play a role in affecting the cloud
morphology and, especially, wind direction shear causes the
formation of the Ekman spiral and horizontal vorticities. To
examine the role of these two factors, we analyze the sensitivi-
ties of cloud evolution and morphology to the surface fluxes
and large-scale meteorological fields. To design the sensitivity
experiments in a more realistic manner, we use different anal-
ysis/reanalysis forcing datasets, including ERA5 and FNL, to
drive the model simulations, instead of imposing an arbitrary
perturbation.

The spatial distributions of SST between FNL and ERA5
are different (an example at 0100 EST in Fig. 9). In the inner
domain, where cloud streets and open-cellular clouds coexist
in a few hours during the simulation time, ERA5 has a larger
SST in the center (along the Gulf Stream) and a lower SST to
the north and south, leading to a stronger SST gradient and
larger spatial variability. Here we use three more simula-
tions in addition to the control simulation (i.e., “ERA5”) as

FIG. 8. (a) Time evolution of the PDF of cloud size distribution (shading) and PBL height in pressure coordinate
(red line) in the entire inner domain. (b) Time series of the sum of liquid and all-ice water path (i.e., WP) (blue) and
cloud core fraction defined by WP/WPsm . 0.8 (red). (c) The aspect ratio of the horizontal cloud mask at five snap-
shots. (d) The angle between cloud alignment and wind direction at 800 hPa (shading, positive means clouds tilt coun-
terclockwise from wind direction, only included L1/Ls . 2), instability (red solid line, domain-mean Qsurf 2 Q850 hPa),
and wind direction shear (unit: 8; red dash line, WD850hPa 2WD950hPa averaged below clouds with L1/Ls . 2).
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summarized in Table 1: 1) driven by ERA5 except for FNL
SST, i.e., “ERA5(FNL_SST)”; 2) driven by FNL, i.e.,
“FNL”; and 3) driven by FNL except for ERA5 SST, i.e.,
“FNL(ERA5_SST).” Switching SST from ERA5 to FNL
leads to smaller total water path, while switching SST from
FNL to ERA5 leads to larger total water path (Fig. 10a).
The subscript “swap” in Fig. 10 means swapping the corre-
sponding variables with another forcing datasets.

Besides SST, meteorological factors are also expected to
impact the cloud street morphology, including wind, Q, and
Qy. Figure 11 shows the differences in the wind speed, wind
direction, Q, and Qy from ERA5 and FNL, respectively.
ERA5 shows larger wind speed with more westerly wind in
the boundary layer. Figures 11c and 11f show that ERA5
provides higher values of wind speed up to ∼800–850 hPa
and stronger wind direction shear in the layer between
950 and 800 hPa. In the inner domain, ERA5 and FNL show
small differences at 1000 hPa but FNL shows a lower value
of the Q at 850 hPa (Figs. 11g,h). The profiles from Fig. 11i
show that FNL provides a deeper mixing layer than ERA5.
ERA5 shows a drier and warmer PBL than FNL does. Such
drier and warmer PBL are consistent with Figs. 11h and 11k.
The higher values of wind direction (i.e., more westerly)
might come from a different balance state with different
temperature and moisture. Simulations with swapped initial
and boundary layer wind, pressure, Q, and Qy field show
that the large-scale meteorological field from FNL has their
largest water path earlier than 0500 EST but the total water
path after 0600 EST did not change. All the factors that lead
to the major different time series of hydrometeor water path
(WP) have been included in the SST and METEO sensitiv-
ity tests because the results from ERA5(FNL_METEO)

FIG. 9. Spatial distribution of the differences of initial sea surface
temperature (SST) between FNL and ERA5. The black contours
represent SST from ERA5. The box marks the inner model
domain.

FIG. 10. (a),(b) Time series of total water path (LWP 1 IWP) from the inner domain of WRF simulations with
different forcing datasets. The blue solid line here is the same as the red line in Fig. 8. (c),(d) Time series of the frac-
tion of model grids with the ratio of WP/WPsm . 0.8 from the inner domain of WRF simulations with different forcing
datasets. The subscript “swap” means swapping the corresponding variables with another forcing datasets, for exam-
ple, dashed blue lines in (a) and (b) refer to simulation “ERA5(FNL_SST)” and “ERA5(FNL_METEO)” in Table 1,
respectively.
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is similar to FNL(ERA_SST) (Figs. 10a,b). Those two simula-
tions are identical except for the land surface conditions and
other numerical differences (i.e., the vertical grid spacing).

The cloud core fraction from the sensitivity studies are
shown in Figs. 10c and 10d. Swapping SST from FNL to
ERA5 leads to smaller domain-mean total water path but
larger cloud core fraction (Figs. 10a,c). Smaller total water
path indicates thinner clouds and larger cloud core fraction in-
dicates larger horizontal extend of clouds. Figure 12 confirms
that the SST pattern from FNL leads to a larger size of cloud
mask between 0700 and 0900 EST. During the early after-
noon, swapping SST does not show big differences in clouds
(Fig. 12) because clouds become thinner overall at this time
and the selection of thresholds for calculating the cloud mask

becomes more challenging, which suggests the cloud core
fraction in Figs. 10c and 10d is a better measure of the cloud
broken level. Another pair of simulations with the FNL forc-
ings and with ERA5 SST plus the remaining FNL forcings
(orange lines), respectively, show consistent results with the
simulations based on ERA5. Meteorology (METEO) from
FNL leads to lower core fraction before 1300 EST indicating
smaller cloud size (Fig. 12).

FNL has a smaller value of domain-mean SST (i.e., 0.32 K
differences for outer domain and 0.86 K differences for inner
domain) and weaker SST gradient than ERA5, which leads to
smaller domain-mean water path but larger cloud core frac-
tion. The former is likely due to the weaker boundary layer
instability and shallower boundary layer (i.e., higher inversion

FIG. 11. (left),(center) Spatial distribution of the differences of initial (a),(b) wind speed, (d),(e) wind direction, (g),(h) potential temper-
ature, and (j),(k) water vapor mixing ratio between ERA5 and FNL at (a),(d),(g),(j) 1000 and (b),(e),(h),(k) 850 hPa. (right) Profiles of
the inner domain (i.e., d02) mean (c) wind speed, (f) wind direction, (i) potential temperature, and (l) water vapor mixing ratio.
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pressure due to the lower domain-mean SST, as shown in
Fig. 13). The latter is likely due to the mechanism reported in
previous studies that the smaller latent heat flux gradients
lead to weaker cloud-top entrainment, which slows down the
dissipation and leads to larger cloud core fraction (Zheng et al.
2021; Sandu and Stevens 2011; Xiao et al. 2011). Figures 10b
and 10d show the impacts of large-scale winds; swapping ME-
TEO brings the core fraction close to each other but barely
changes the domain-mean water path. Because METEO in-
cludes the impacts of both wind and moisture, it is hard to tell
why METEO from FNL leads to lower cloud core fraction.

One possible explanation is that FNL has higher inversion level
in the early morning but similar values in late morning (Fig. 13c),
indicative of a more pronounced inversion height drop during
the morning, which is likely the reason for a lower cloud core
fraction when using METEO from FNL in Fig. 10d.

Mesoscale circulations associated with cloud streets are an-
alyzed in Fig. 14. The cloudy area is defined by aspect ratio
L1/Ls . 2. The clear gaps are within 5 km away from the edge
of the cloudy rolls. Convergence is associated with roll clouds,
while divergence is associated with the clear region below
∼900 hPa. Above ∼900 hPa, convergence occurs with the

FIG. 12. Size distribution of (a)–(d) number of cloud objects and (e)–(h) cloud area in the (a),(b),(e),(f) early morning and
(c),(d),(g),(h) early afternoon.

FIG. 13. Time series of LST and inversion height for all the sensitivity simulations. The cross markers in (b) are the
same as the solid lines in (a) to show the differences between ERA5 and FNL forcing datasets.

J OURNAL OF THE ATMOS PHER I C S C I ENCE S VOLUME 792874

Unauthenticated | Downloaded 11/23/22 02:59 AM UTC



clear region while divergence occurs with cloudy rolls. Cloudy
rolls are associated with upward cold moist air, while clear
gaps are associated with downward dry warm air. The differ-
ences of variables between cloudy rolls and the clear gaps in-
dicate the strength of mesoscale circulation and their
transportation of energy. SST from FNL does not lead to sig-
nificant impacts on the convergence and w, but causes larger
differences of Qy and smaller differences of Q. FNL has
a smaller domain-mean SST and smaller gradient. The
latter leads to smaller differences of Q. Note that the differ-
ence of SST between the region below cloudy rolls and clear
gaps is 21.4 K for simulation “ERA5” but 20.9 K for
“ERA5(FNL_SST)” as shown in Table 3. A larger differ-
ence of Qy might be caused by the differences of latent heat

flux between the region below cloudy rolls and clear gaps,
that is 259.5 W m22 for “ERA5” and 241.4 W m22 for
“ERA5(FNL_SST).” METEO from FNL leads to larger
differences in w than SST from FNL, indicating a slightly
stronger mesoscale circulation. Also, METEO from FNL
leads to a drier PBL below clouds than the clear gaps and
a larger difference of Q. The complex differences in the
METEO make it challenging to explain the detailed mech-
anisms behind those differences.

In section 3b, we showed that the strongest roll structure
occurs ∼1 h after the strongest wind direction shear. Figure 15
examines it in the sensitivity simulations. When the METEO
from ERA5 is applied, there is a maximum of wind direction
shear and a maximum fraction of long rolls at 0945 EST. Long

FIG. 14. (a)–(d) Averaged profiles of Qy, convergence, w, and Q at cloudy rolls and clear gaps. (e)–(l) Differences of variables between
cloudy rolls and clear gaps. Blue lines represent the difference between sensitivity and control simulations.

TABLE 3. Differences of SST, surface sensible heat fluxes (HFX), and latent heat fluxes (LH) in control and sensitivity simulations.
Numbers are in the following order: clear gaps, cloudy rolls, and the differences (cloudy roll minus clear gaps).

Simulation SST (K) HFX (W m22) LH (W m22)

ERA5 291.9, 290.5, 21.4 286.6, 279.6, 27.0 535.3, 475.8, 259.5
ERA5(FNL_SST) 290.8, 289.9, 20.9 265.8, 262.7, 23.1 483.4, 442.0, 241.4
ERA5(FNL_METEO) 292.6, 292.1, 20.5 306.1, 305.1, 21.0 583.6, 548.0, 235.6
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rolls are defined here as L1/Ls . 6. When the METEO from
FNL is applied, wind direction shear decreases, and the fraction
of long rolls increases almost monotonically. Figure 16 shows
the differences in the angle between cloud alignment and wind
direction between the sensitivity simulations and the control
simulations. In both “ERA5” and “FNL,” clouds are mainly
concentrated at an angle of 508 to the right of wind angle in the
early morning. After about 0900 EST, when the cloud street
starts to form, clouds align on the angle of 148 to the left of the
mean wind angle. The impacts of the SST pattern on the distri-
bution of this angle are not as evident as those from METEO.
The METEO from FNL leads to fewer clouds at 148 to the left
of wind direction in the early afternoon (Figs. 16c,f), which is
consistent with weak wind direction shear in the early afternoon.
Figures 15 and 16 indicate that the wind direction shear peak
can only be simulated with the METEO from ERA5, which is
critical to better simulate the cloud streets in this PFC event.

4. Conclusions

In this study, we examine the morphology of postfrontal
clouds in the western North Atlantic Ocean (WNAO) on
1 March 2020 during the Aerosol Cloud Meteorology Interac-
tions over the Western Atlantic Experiment (ACTIVATE).
We use the Weather Research and Forecasting (WRF) Model
to investigate how the differences in initial and boundary con-
ditions impact the morphology of cloud streets during the
PFC event. We found that the differences of both SST and
meteorological factors between two large-scale datasets drive
different cloud amounts and cloud street morphology during
the dissipation of PFC clouds. Those sensitivities of postfron-
tal low clouds to the large-scale driving forcings provide new

insights into improving the representations of such clouds in
future simulations, such as the importance of SST gradient
and wind direction shear.

We compare the total liquid and ice water path between
GOES-16 and WRF Model with ERA5 as the large-scale
forcings to evaluate the model simulations. The cloud pattern
from the model is consistent with GOES-16 in that cloud
streets prevail in the same region as our inner domain and
open-cell clouds are to the downwind of the cloud streets.
The histogram of total water path is also consistent between
GOES-16 and WRF (with ERA5 forcing). We also compare
dropsonde measurements during ACTIVATE with WRF
simulated meteorological profiles. We found that they are
consistent with each other except that the simulated potential
temperature is slightly colder in the boundary layer, which
might relate to a small cold bias in ERA5. Overall ERA5 cap-
tures the large-scale features well and provides accurate initial
and boundary forcings to the WRF mesoscale model com-
pared toGOES-16 and dropsonde measurements.

Cloud street morphology is quantitatively investigated
from various aspects. During the dissipation stage of postfron-
tal cloud streets, total water path and cloud core fraction
decrease along with cloud size. The cloud streets prevail
between 0800 and 1200 EST. The ratio of the longest di-
mension to the shortest dimension (i.e., the aspect ratio of
cloud horizontal mask) ranges from 1 to 12.67. The angle
between cloud streets and the mean winds at 800 hPa is
∼148 during the prevailing stage. Wind direction shear is
the strongest at about 0900 EST when the ∼148 starts to
form, which suggests that Ekman spiral effect in the
boundary layer contributes to the formation of the cloud
streets in this PFC case.

FIG. 15. Time series of the wind direction shear between 850 and 950 hPa (blue curves) and the fraction of L1/Ls . 6
(red curves) for all simulations. Wind direction shear is calculated in the same way as the red dashed line in Fig. 8d.
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We construct the sensitivity simulations by swapping SST
and meteorological factors between ERA5 reanalysis data and
FNL analysis data. ERA5 has a warmer SST and larger spatial
gradient between the gulf stream and its surrounding regions
than FNL. The SST from ERA5 leads to a higher hydrometeor
water path and lower cloud core fraction. The former is ex-
plained by stronger instability induced by larger SST gradient
and/or larger SST domain mean, and the latter might relate to
a larger gradient of latent heat flux that induces the entrain-
ment of dry air. The meteorological factors, including wind,
temperature, and water vapor, are different in many as-
pects, for example, the wind direction shear. We found
that the ERA5 data lead to a peak wind direction shear,
which contributes to a maximum in the fraction of long
rolls and contributes to more cloud streets staying at ∼148
with 800 hPa mean wind.

This study shows that large-scale forcings impact the simu-
lated morphology of cloud streets through SST and meteoro-
logical factors such as wind shear. SST modifies the instability
of the boundary layer and contributes to cloud formation.
Wind shear affects more on the persistence of roll structure
through the Ekman spiral. Besides those factors we have dis-
cussed in this study, cloud-top entrainment is also usually
thought to be critical in determining the transition from strati-
form clouds to the broken cumulus clouds (Zheng et al. 2021),
which warrants further investigation.
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