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Abstract. The North Pacific High (NPH) is a fundamental meteorological feature present during the boreal warm season.
Marine boundary layer (MBL) clouds, which are persistent in this oceanic region, are influenced directly by the NPH. In
this study, we combine 11 years of reanalysis and an unsupervised machine learning technique to examine the gamut of 850-
hPa synoptic-scale circulation patterns. This approach, which yields the frequency at which these regimes occur, reveals two
distinguishable patterns — a dominant NPH setup and a land-falling cyclone — and in between a spectrum of regimes. We then
use satellite retrievals to elucidate for the first time the explicit dependence of MBL cloud properties (namely cloud droplet
number concentration and cloud droplet effective radius) on 850-hPa circulation patterns over the northeast Pacific Ocean.
Moreover, we find that shortwave cloud radiative forcing ranges from -144.0 to -117.5 W m~2, indicating that the range of
MBL cloud properties must be accounted for in global and regional climate models. Our results demonstrate the value of
combining reanalysis and satellite observations to help clarify the relationship between synoptic-scale dynamics and cloud

microphysics.

1 Introduction

Low, stratiform clouds that develop in the marine boundary layer (MBL) are of significant interest to the atmospheric science
community because they impact meteorological forecasts and, ultimately, a host of human activities (e.g., Koralin and Dorman,
2017). These cloud types are widespread (coverage on the order of one-third of the globe at any given time; e.g., Hartmann
et al., 1992) in the subsiding branch of the Hadley circulation (e.g., Wood, 2012) due to a separation of the cool, moist MBL
and the warm, dry free troposphere by a strong (~10 K) and sharp O(100 — 500 m) thermal inversion (e.g., Parish, 2000).
Despite their substantive role in the radiation budget (global shortwave cloud radiative forcing (CRFgyy) of ~60-120 W m~2;
e.g., Yi and Jian, 2013), MBL clouds and their radiative response to changes in the climate system are not simulated accurately
by global climate models (e.g., Palmer and Anderson, 1994; Delecluse et al., 1998; Bachiochi and Krishnamurti, 2000; Bony
and Dufresne, 2005; Webb et al., 2006; Lin et al., 2014); however, results from regional climate models are more encouraging

(e.g., Wang et al., 2004, 2011).
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During boreal summer, the northeast Pacific Ocean is home to one of the largest MBL stratiform cloud decks (e.g., Klein
and Hartmann, 1993). Differential heating of land and ocean masses during the warm season leads to the development of the
North Pacific High (NPH) and the desert thermal low over the southwest United States. Classical descriptions in the literature
often treat the mean summertime location of the NPH to be far offshore (thousands of kilometers) of the western United States
coastline. However, several studies have examined NPH strengthening as it meanders toward the north and east (e.g., Mass and
Bond, 1996; Fewings et al., 2016; Juliano et al., 2018). These events are typically associated with an increase in the offshore
flow and a clearing of the cloud deck (e.g., Kloesel, 1992; Crosbie et al., 2016), and they may lead to a complete reversal of
the alongshore pressure gradient (e.g., Nuss et al., 2000).

Often called coastally trapped disturbances (CTDs), these mesoscale phenomena are usually characterized by a redevelop-
ment of the stratiform cloud deck (e.g., Thompson et al., 2005; Parish et al., 2008). Recent work using satellite observations
suggests that MBL clouds accompanying CTDs are more polluted [increased cloud droplet number concentration (/V) and
smaller cloud droplet effective radius (7.)] than those forming under typical northerly flow conditions due to aerosol-cloud
interactions (Juliano et al., 2018). Offshore flow, which is a requirement for the initiation of a CTD, likely enhances the trans-
port of aerosol from the continent to the ocean. These results motivate the present study because in this study we consider
data over a relatively long time span to identify objectively the most prevalent synoptic-scale dynamical regimes during boreal
summer. We aim to improve the current understanding of the relationship between these synoptic-scale patterns, mesoscale
cloud microphysics, and CRFgy, over the northeast Pacific Ocean — an issue identified previously as “vital” (Stevens and
Feingold, 2009).

To diagnose the various NPH regimes, we first use the NCEP North American Regional Reanalysis (NARR) to develop a
self-organizing map (SOM). We then examine measurements from the Aqua Moderate Resolution Imaging Spectroradiometer
(MODIS). Two important variables — 7. and optical thickness (7) — are passively retrieved by MODIS. r, is defined as the
ratio of the third moment to the second moment of the cloud droplet size distribution, while optical thickness (7) is defined as
the line integral of the extinction (absorption plus scattering) coefficient between two levels (in this case, the passive sensor and
some distance into the cloud deck). Values of N may then be estimated from r. and 7. For discussion of the MODIS retrievals,
we focus on NV and 7. because these two variables most clearly accentuate the connection between large-scale dynamics and

MBL cloud properties.
2 Methods and data

2.1 Pattern identification

The SOM is a type of neural network that uses a competitive, unsupervised machine learning technique (e.g., Reichstein
et al., 2019) to develop a 2-dimensional topology (map) of nodes that represents the n-dimensional input data'. Because

this dimensionality reduction method falls under the category of unsupervised learning, the user does not need to teach the

I The term “data” is used loosely because the input variable(s) need not be actual data and may be, for example, model output.
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algorithm on a separate training data set. Instead, the user is required to provide only a 2-dimensional array, and the node
topology organizes itself to mimic the input data. That is, each node will represent a group of similar input vectors.

We use the Matlab SOM Toolbox (version 2.1) to generate the SOM using the batch algorithm. This algorithm follows the
well-known Kohonen technique (Kohonen, 1990). The SOM batch training procedure can be described as follows:

1. Define the number of nodes and iterations (one iteration is defined as a single pass through all of the input data vectors),

in addition to the neighborhood radius
2. Initialize the SOM node weights linearly along its greatest eigenvectors
3. Present all vectors from the input data and calculate the Euclidean distance between each input vector and each node
4. Update the neighborhood radius

5. Determine the node that most closely matches each input vector; the winning node is characterized by the minimum

Euclidean distance?
6. Update the weight of each node? after a single iteration

7. Repeat steps 3-6 for n iterations

Choosing the number of nodes is critical because a map with too few nodes yields larger sample sizes but insufficient
detail, while one with too many nodes yields greater detail but insufficient sample sizes. For the present study, a series of
sensitivity tests is conducted using different node map sizes to determine an optimal number of nodes (Fig. 1). Quantization
and topographic errors (QE and TE, respectively) for each map are calculated. The QE, which is a measure of map resolution,
is equal to the average distance between each input vector and the best matching node, while the TE indicates map topology
preservation by determining the percentage of input vectors whose first and second best matching nodes are not adjacent. As
the number of nodes increases, the QE decreases typically at the cost of sacrificing node topology. This trade-off is shown quite
well in Fig. 1: the QE decrease is most pronounced as the number of nodes increases from approximately 9 to 20, and the TE
increase is most notable above approximately 30 nodes. Moreover, using a nonuniform (rectangular) map appears to reduce the
TE, which supports previous work showing the superiority of rectangular maps over square maps (e.g., Ultsch and Herrmann,
2005). Due to the TE minimum at 20 nodes and a relatively marginal decrease in QE after 20 nodes, in addition to ample pattern
detail and sufficient sample sizes, for this study we choose to use a4 x 5 node map. Moreover, we choose to iterate 5,000 times
and use an initial neighborhood radius of 4. The neighborhood radius, which determines the number of nodes surrounding the
winning node that nudge toward the input vector, slowly reduces to one (only the winning node is nudged) through the training
period. Overall, our choices are similar to and follow guidelines outlined in prior SOM studies that focus on vertical sounding

classification problems (e.g., Jensen et al., 2012; Nowotarski and Jensen, 2013; Stauffer et al., 2017) and synoptic meteorology

2Given two points a and b in {z,y} space, the Euclidean distance, d(a,b) = \/(a — )2 + (Yo — yp)2.
3The new weight for each node is equal to the weighted average of each input data vector to which that node or any nodes in its neighborhood responded.
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pattern recognition (e.g., Cassano et al., 2015; Ford et al., 2015; Mechem et al., 2018). Additionally, we find that changing the
initial parameters (iterations and neighborhood radius to 25,000 and 2, respectively) has a relatively small impact on the final
node topology similar to other studies (e.g., Cassano et al., 2006; Skific et al., 2009). Once training is complete, and the node

topology has organized itself to best represent the input array, each input vector is associated with one of the map nodes.
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Figure 1. The quantization (red circles; left axis) and topographic (blue diamonds; right axis) errors for each SOM configuration tested in
this study. SOM node topologies (rows X columns) range from 3 X 3 to 7 x 7; we choose to use a 4 X 5 node map.

Similar to previous work (e.g., Cavazos, 2000; Tymvios et al., 2010; Mechem et al., 2018), we choose an isobaric height
field as our input data. Specifically, we use the 850-hPa spatial anomaly height field because we expect this variable to most
accurately represent the location and strength of the NPH*. For the 2-dimensional input array, we use the 0000 UTC NCEP
North American Regional Reanalysis (NARR) 32-km product for each day during the months June through September from
2004 through 2014. Spatial anomalies are calculated for each day by subtracting the domain-averaged 850-hPa height from
the 850-hPa height at each grid point. Each row of the input array represents one day from our data set, while each column

represents a grid box from our NARR domain. The dimensions (rows x columns) of our input array are 1,342 x 6,952.
2.2 Data sets

In this study, we consider afternoon satellite measurements from Aqua MODIS because we use 0000 UTC NARR grids to
generate the SOM. The satellite images, which are typically retrieved between 2030 and 2330 UTC, are paired with the NARR
grid for the next day. For instance, we link the MODIS retrieval from 2200 UTC on 5 July 2010 to the NARR grid from 0000
UTC on 6 July, 2010. Even in the instance where the time difference between a MODIS image and NARR grid is a maximum

(approximately 3.5 hours), we expect the influence of time mismatch to be minimal because we focus on the synoptic scale

4We also use the sea-level pressure (SLP) field as our input data; however, the result is an inaccurate representation of the different NPH patterns because
there are many regions over the western United States where the SLP is extrapolated using a standard atmosphere assumption due to elevated terrain.
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over relatively short time periods. Moreover, any two consecutive images (~5 minutes apart) are stitched together and counted
as one sample. The MODIS files provide cloud information at 1-km horizontal spacing. We then interpolate these data to a
uniform 1/10° x 1/10° (~10 x 10 km) grid to be closer to the native horizontal grid spacing (~32 km) of the NARR output

without losing too much detail.
2.3 MODIS processing

For the MODIS retrievals, values of 7. and 7 are calculated utilizing a bispectral solar reflectance method (Nakajima and King,
1990), whereby extinction information is gleaned at 0.75- and 3.7-um. We choose to interrogate retrievals from the 3.7-pym
channel because these data best represent the actual value of r. at cloud top (Platnick, 2000; Rausch et al., 2017). Cloud liquid
water path (LWP) may then be inferred from the r. and 7 retrievals by the equation LW P = Cp;r.7, where C is a function of
the assumed vertical distribution of cloud liquid water, and p; is the density of liquid water (e.g., Miller et al., 2016). For the
calculation of LWP, we assume that the cloud vertical profile is approximately adiabatic (C' = 5/9; e.g., Wood and Hartmann,
2006) and that N is approximately constant with height. Values of N may be estimated from observations of 7 and LW P

after assuming an adiabatic cloud model (Bennartz, 2007). Moreover, we estimate fractional cloud albedo (o) using MODIS

0.137
14-0.137

(TOA) CRFgy may then be calculated as CRF gy = (%) (o — ), where S, is the solar constant (1370 W m~2), and o, is
the ocean albedo [0.10 (10%)]. The MODIS techniques are expounded in Juliano et al. (2018).

retrievals of 7 and following Lacis and Hansen (1974): a. ~ , where 7 is optical thickness. The top of the atmosphere

3 Results
3.1 Synoptic meteorological conditions

We now use the SOM output to investigate the various NARR 850-hPa meteorological patterns that are present during boreal
summer over the northeast Pacific Ocean from 2004 to 2014 (Fig. 2). There are several key features to discuss. The leftmost
part of the map (nodes 1, 6, 11, and 16) represents regimes where the NPH is relatively suppressed and a land-falling low-
pressure system is dominant. In general, strong, onshore flow is noticeable, and the flow diverges near the coastline. Relatively
cool temperatures related to the cyclonic circulation are present across the domain over the ocean and close to the shoreline
over land. Combined, these patterns account for approximately 22.8% of days in the data set. Moving from left to right across
the map, there is a smooth transition between regimes, and the presence of the NPH becomes more noticeable. The rightmost
portion of the map (nodes 5, 10, 15, and 20) represents synoptic-scale patterns where the NPH is dominant, and the nearshore
850-hPa flow is relatively weak or even directed offshore. Interestingly, there is a cyclonic circulation centered around 36° N,
127° W in node 5. For all of these nodes, and especially node 5, relatively high temperatures are observed along the coastline.
Approximately 26.0% of all days in the data set fall under these four nodes with a dominant NPH. Overall, the SOM appears
to capture well the spectrum of large-scale meteorological conditions that are present during the warm season months over the

northeast Pacific Ocean.
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Figure 2. The synoptic-scale 850-hPa height (white lines contoured every 20 m), temperature (contoured every 1 K according to colorbar),
and wind vector (lime green arrows with 10-m s~ ! reference vector) fields as represented by the 4 x 5 SOM node topology. Each panel
represents the mean conditions for each node (number displayed in the bottom right corner), while the percentage frequency of occurrence
is displayed in the top right corner.

Large-scale regimes associated with both offshore continental flow driven by the NPH (e.g., node 5) and onshore continental
flow driven by a land-falling cyclone (e.g., node 16) at 850 hPa often cause the near-surface alongshore flow to become
southerly along the California coastline, as depicted by the observations from buoys 46013 and 46022 (Fig. 3). Offshore flow
generates a weakening or reversal in the alongshore pressure gradient that drives southerly flow, while onshore flow is blocked
by the coastal terrain thereby forcing the flow to diverge in the meridional direction. The location and intensity of the NPH are
main factors in dictating the northward extent and strength of the southerly flow for the 850-hPa offshore flow events. Similarly,
the location and intensity of a land-falling cyclone control the location of alongshore flow bifurcation.

Measurements from buoy 46013 (Bodega Bay), which is located just northwest of Point Reyes, California, suggest that
southerly flow is present for a substantial number of hours (~38.5%, ~39.2%, ~34.3%, and ~29.3%) that fall within nodes
5, 10, 15, and 20, respectively. Meanwhile, buoy observations just northwest of Cape Mendocino (buoy 46022, Eel River)
show strong influence from the land-falling cyclone (onshore flow) patterns; ~28.3%, ~22.7%, ~23.8%, and ~48.2% of the

hours for nodes 1, 6, and 11, and 16, respectively, are characterized by southerly flow. The dependence of these regional flow
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conditions on the synoptic-scale forcing regime is important for various meteorological applications such as ocean upwelling
and offshore wind energy forecasting.

Table 1 lists the total and monthly frequencies of occurrence for each node. In general, the majority of days that are repre-
sented by the land-falling cyclone regime (nodes 1, 6, 11, and 16) are in early summer (June) and early fall (September). This
is not surprising because these systems are more common during transition seasons than during summer (e.g., Reitan, 1974).
Additionally, we find that the dominant NPH regime (nodes 5, 10, 15, and 20) occurs most often in July, August, or September.
We also note that node 5, which represents a regime characterized by a weak regional height gradient, shows a strong increase
in frequency of occurrence over time (frequencies of 15.8%, 14.5%, 28.9%, and 40.8% in June, July, August, and September,

respectively).

Percentage of Hours with Southerly Flow
Buoy 46013 Buoy 46022

7.1 15 5.4 7.4 28.3 6.1 1.9 3.8 7.6

10.1 3.5 10.2 8.8 22.7 1.8 3.4 1.6 10.8

7.0 3.9 12.8 = 21.3 23.8 5.3 6.8 2.7 16.6

14.0 121 21.7 16.5 9.4 201 104 184

Figure 3. The percentage of southerly flow hours recorded at each buoy site along the California coastline for each regime in the 4 x 5
SOM node topology: (left panel) buoy 46013 (Bodega Bay; 38.238° N 123.307° W) and (right panel) buoy 46022 (Eel River; 40.712° N
124.529° W).

Due to the nature of the SOM, adjacent synoptic-scale patterns are similar to one another, and there is a gradual transition
between different regimes as one moves across the SOM. The SOM patterns farther left on the map are associated with
generally strong westerly flow offshore and divergent flow near the coastline due to a dominant cold-core land-falling cyclone.
Conversely, those patterns toward the right feature northerly, and even northeasterly, flow offshore due to a dominate warm-
core NPH. Moreover, several of the regimes (nodes 3, 4, and 5) feature a noticeably weak 850-hPa height gradient; on average,
the winds over the ocean at this level are <5 m s~ . In general, the top-right SOM nodes feature the most notable offshore
continental flow (and associated weak nearshore winds at southern latitudes in the domain) because the 850-hPa height contours
are oriented northeast-southwest and the wind vectors have pronounced south and west components. Therefore, one might
expect to see relatively high NV and small r. values dominate in these regimes because they appear to be influenced strongly

by continental air masses.
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Table 1. Summary statistics for SOM node frequency. Total and monthly frequencies over the 11-year period are shown.

| Node | Freq., counts | Freq., % | Monthly Freq., % |

Jun | Jul | Aug | Sep
1 143 10.7 273 | 23.1 | 154 | 34.2
2 48 3.6 20.8 | 27.1 | 33.3 | 18.8
3 89 6.6 10.1 | 28.1 | 27.0 | 34.8
4 52 3.9 9.6 | 32.7 | 34.6 | 23.1
5 76 5.7 15.8 | 145 | 28.9 | 40.8
6 46 34 348 | 17.4 | 239 | 23.9
7 54 4.0 29.6 | 31.5 | 259 | 13.0
8 50 3.7 16.0 | 22.0 | 36.0 | 26.0
9 42 3.1 11.9 | 31.0 | 38.1 | 19.0
10 74 5.5 10.8 | 27.0 | 33.8 | 28.4
11 61 4.5 409 | 19.7 | 19.7 | 19.7
12 41 3.1 342 | 26.8 | 24.4 | 14.6
13 53 3.9 20.7 | 30.2 | 34.0 | 15.1
14 40 3.0 15.0 | 20.0 | 45.0 | 20.0
15 90 6.7 6.7 | 444 | 233 | 25.6
16 56 4.2 51.8 | 7.1 | 143 | 26.8
17 65 4.8 53.8 | 154 | 10.8 | 20.0
18 51 3.8 3331294 | 275 | 9.8
19 102 7.6 41.2 | 13.7 | 21.6 | 23.5
20 109 8.1 15.6 | 39.5 | 229 | 22.0

3.2 MODIS cloud retrievals

Figures 4 and 5 show the mean /N and r. values from MODIS that are associated with each node. In Fig. 4, the red (yellow)
end of the colorbar corresponds to relatively low (high) IV, and in Fig. 5, the red (yellow) end of the colorbar corresponds
to relatively small (large) r.. Therefore, yellow regions in Fig. 4 and red regions in Fig. 5 indicate a potential influence of
continental and/or shipping aerosol sources on marine clouds.

Although the MODIS retrievals are not used directly to generate the SOM, and instead are simply associated with the
corresponding days in each node, there is an apparent connection between the various synoptic-scale patterns in the 850-hPa
height fields (which are used to generate the SOM) depicted in Fig. 2 and the MODIS cloud properties shown in Figs. 4 and 5.
Generally, there are more regions of high /V and smaller 7. as one moves from left to right across the SOM; that is, nodes to

the left (right) on the SOM represent days where marine clouds are, on average, composed of less numerous and larger (more
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Figure 4. The MODIS estimation of N (contoured every 10 cm~> according to the colorbar) for each regime in the 4 x 5 SOM node
topology. Each panel represents the mean conditions for each node (number displayed in the bottom right corner), while the percentage
frequency of occurrence is displayed in the top right corner.

numerous and smaller) droplets. Through a visual inspection, node 5 appears to be most representative of cases where marine
stratiform clouds have more numerous and smaller droplets. As shown in the analysis in Fig. 2, node 5 is characterized by
distinct offshore continental flow at 850 hPa, in addition to very weak flow (and even southerly flow) near the shoreline. These
results highlight the utility of using reanalysis to define modes of large-scale pressure patterns and subsequently incorporate
other data sets — satellite observations in the case here — to understand interactions across spatial scales that could not
otherwise be gleaned from the original reanalysis products themselves with sufficient accuracy.

Evident in all of the SOM nodes is a region of high N and small 7. south of the pronounced coastal bend near Point
Conception, California (approximately 34.4° N, 120.5° W). This nearshore oceanic region is likely polluted due to its proximity
to population centers (namely Los Angeles, San Diego, and Tijuana) and wildfire activity (e.g., Duong et al., 2011; Metcalf
et al., 2012; Zauscher et al., 2013). Also, this area serves as a major port for international trade and it hosts numerous refineries
(e.g., Ault et al., 2009; Ryerson et al., 2013). In this region, transport of aerosol is governed typically by the synoptic-scale

conditions and mesoscale land-sea breeze processes (e.g., Agel et al., 2011; Naifang et al., 2013); however, previous work
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Figure 5. As in Fig. 4 except for the MODIS retrieval of r. (contoured every 0.5 pm according to the colorbar).

suggests that the pervasive Catalina Eddy — a phenomenon linked to the generation of CTDs (e.g., Skamarock et al., 2002) —
may transport pollution offshore and toward the north (Wakimoto, 1987). We hypothesize that the MODIS retrievals presented
here show clearly that the 1*' aerosol indirect effect (Twomey, 1977) is more pronounced in the nodes farther to the right on the
map due to this complex combination of atmospheric processes that impacts marine clouds through aerosol-cloud interactions.
Specifically, we hypothesize that the transport of continental aerosol (e.g., nitrates, sulfates, biogenic organics, and dust) into
the marine environment, in addition to the interaction of ship track aerosol (e.g., sulfates) and marine aerosol (e.g., sea salt),
increases the number of cloud condensation nuclei (CCN) and therefore cloud droplets. These effects are most notable within
several hundred kilometers of the western United States and Baja California coastlines; however, remote oceanic locations also
appear to be influenced strongly by the NPH regime. Additionally, the areas likely affected by pollution sources extend along
nearly the entire coastline in the nodes to the right on the SOM, while the nodes to the left on the SOM show a much more
confined region of polluted clouds due to strong, onshore flow. In general, the nodes display varying extensions according to
the synoptic-scale regime.

Frequency distributions reveal that between the various SOM nodes, N, 7., and CRFgy, exhibit a broad range that is

dependent on the prevailing synoptic-scale pattern (Fig. 6; cf. Table 2 for median values). The distributions confirm that node

10
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Figure 6. Frequency distributions of r. (units in zm; colored magenta), N (units in cm™>; colored dark blue), and CRF sy (units in W m™2;
colored light green) for each regime in the 4 X 5 SOM node topology. The node number is shown in the top right corner of each subplot.
The actual distributions are shown for node 16, while the difference relative to node 16 (node  minus node 16 where x is a given node) is
shown for all other nodes. Therefore, smaller (larger) values indicate a deficit (surplus) relative to node 16. The distributions of r. and N are
generated from the plan views in Figs. 4 and 5. The distribution of CRF sy is calculated from the plan view of 7 (cf. Section 2.3), which is
generated similarly to r. and N but is not shown here. Also, median values of each distribution are documented in Table 2.

5, in addition to nodes 3, 4, and 10, represent the scenarios where MBL clouds are characterized by relatively high NV, small r,
and strong CRF gy, compared to the other meteorological regimes. The median values of N, 7., and CRFgy are 93.2 cm ™2,
10.4 zm, and -129.7 W m~2 for node 3, 93.3 cm™3, 10.6 xum, and -138.1 W m~2 for node 4, 92.8 cm—2, 10.5 pm, and -132.3
W m~2 for node 3, and 90.6 cm~3, 10.8 m, and -139.1 W m~2 for node 10. For most of the other nodes, the frequency
distributions of N and r. are shifted toward the left and right, respectively, indicative of fewer and larger cloud droplets. In
the patterns that are much different than nodes 3, 4, 5, and 10 — for example, node 16, in addition to nodes 6, 11, and 17
— the distributions are shifted appreciably such that the median values of NV, r., and CRFgyy are 62.5 cm~—3, 12.0 pm, and
-123.9 W m—2 for node 6, 57.8 cm3, 12.3 um, and -121.7 W m~2 for node 11, 57.2 cm~3, 12.5 um, and -124.1 W m~2 for
node 16, and 61.9 cm ™3, 12.0 um, and -125.4 W m~2 for node 17. We note that in some regimes (e.g., node 19), CRFgy

does not correlate as well with N and r., which suggests that other factors not accounted for here such as aerosol composition,

turbulence, and sea surface temperature may play an important role.
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Table 2. Summary statistics for SOM node meteorological and cloud properties. We tabulate median values, in addition to the difference
relative to node 16 (node x minus node 16, where z is a given node) in parenthesis, of the frequency distributions of 7., N, and CRFsw (cf.

Fig. 6) as well as those of meteorological variables LCF, LTS, and q,, (not shown).

Node | LCF, % LTS Qu, g kg1 I, gm N,cm™3 CRFgy, Wm™2
T 1 632) | 134 (04) | 46(x02) | 11.7(:08) | 63.6+64) | -117.5 (+6.6)
2 61 (0) 13.4(-04) | 49(+0.3) | 11.3(-1.2) | 73.0 (+15.8) -126.0 (-1.9)
3 63 (+2) | 13.3(-0.5) | 4.8(+0.4) | 104 (-2.1) | 93.2 (+36.0) -129.7 (-5.6)
4 | 62¢+1) | 133(:05) | 50(+0.6) | 10.6(-1.9) | 933 (+36.1) | -138.1 (-14.0)
5 64 (+3) | 13.3(-0.5) | 4.7 (+0.3) | 10.5(-2.0) | 92.8 (+35.6) -132.3 (-8.2)
6 | 61(0) | 13.7(:0.0) | 47(+03) | 120 (-05) | 625(453) | -123.9 (+02)
7 61 (0) 13.7 (-0.1) | 4.9 (+0.5) | 11.8(-0.7) | 66.6 (+9.4) -127.0 (-2.9)
8 | 63(+2) | 134(:04) | 49(+05) | 114 (-1.1) | 724 (+152) | -1264 (-2.3)
0 | 63(+2) | 13.5(:03) | 5.0(+0.6) | 11.5(-1.0) | 773 (+20.1) | -138.4 (-14.3)
10 64 (+3) | 13.3(-0.5) | 4.9 (+0.5) | 10.8 (-1.7) | 90.6 (+33.4) -139.1 (-15.0)
T 1 601 | 13.7(0.1) | 47(+03) | 123(:02) | 57.8 0.6) | -121.7 (+2.4)
12 62 (+1) | 13.7(-0.1) | 48 (+0.4) | 12.0(-0.5) | 65.2 (+8.0) -127.9 (-3.8)
13 | 63(+2) | 13.6(-02) | 49(+0.5) | 11.5(-1.0) | 74.0 (+16.8) | -132.3 (-8.2)
14 63(+2) | 13.4(-04) | 50(+0.6) | 11.1(-1.4) | 81.7 (+24.5) -135.4 (-11.3)
15 | 64(+3) | 135(-03) | 50(+0.6) | 11.2(-13) | 85.0 (+27.8) | -141.6 (-17.5)
6 1 6l(—) | 138() | 44(—) | 125(—) | 5729 1241 (—)
17 60(-1) | 13.9(+0.1) | 4.5(+0.1) | 12.0(-0.5) | 61.9 (+4.7) -125.4 (-1.3)
18 | 61(0) | 13.7(:0.1) | 49(+0.5) | 11.6(-09) | 75.0 (+17.8) | -136.0 (-11.9)
19 61 (0) 13.8 (0) 46 (+0.2) | 12.1(-0.4) | 68.5 (+11.3) -139.3 (-15.2)
20 | 63(+2) | 13.7(:0.1) | 49(+05) | 11.7(-0.8) | 77.8 (+20.6) | -144.0 (-19.9)

To explore the potential impact of the regional meteorology associated with each of the synoptic-scale regimes — compared
to simply the abundance of aerosol — on the observed cloud properties, we also examine low cloud fraction (LCF), lower
tropospheric stability [LTS; Klein and Hartmann (1993)], and 850-700 hPa mean water vapor mixing ratio (q,) from the
NARR grids (Table 2). In general, LCF increases, LTS decreases, and q,, increases from left to right across the SOM; however,
these relationships do not appear to explain all of the variability in the observed cloud properties among the various nodes.
Therefore, we attribute the variability in the satellite-retrieved cloud microphysical and radiative properties to aerosol forcing
(first order effect) as opposed to meteorological factors (second order effect).

Overall, our SOM results elucidate the apparent coupling between NPH dynamics and mesoscale MBL cloud properties.
That is, generally weak flow and/or an enhancement in offshore continental flow at 850 hPa (e.g., node 5) likely augments
aerosol transport into the marine layer, thereby increasing both the number of CCN and the brightness (reflection) of MBL

clouds. Moreover, we hypothesize that a weaker regional pressure gradient allows for the transport of aerosol by the coastal jet
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due to the dominance of localized land-sea breeze circulations, which may advect continental aerosol offshore (e.g., Lawrence
and Lelieveld, 2010; Loughner et al., 2014; Mazzuca et al., 2017). In contrast, a suppression in offshore continental flow (e.g.,
node 16) likely inhibits continental aerosol transport into the marine layer, thereby decreasing both the number of CCN and

the brightness (reflection) of MBL clouds.

4 Discussion and conclusions

Through the use of a SOM, we show that the location and intensity of the NPH, as well as the presence of land-falling low-
pressure systems, play a significant role in modifying MBL cloud microphysical properties offshore of the western United
States during boreal summer. The 850-hPa height field is chosen as the meteorological input variable for the SOM algorithm
because it represents well the large-scale circulation over the northeast Pacific Ocean. Results from the SOM reveal several
distinct synoptic patterns present during the Northern Hemisphere warm season as well as their frequencies of occurrence;
however, most notable is the high frequency of pronounced offshore continental flow and generally weak flow. Incorporating
MODIS observations into the analysis yields a connection between the synoptic-scale dynamics and mesoscale cloud micro-
physics. Specifically, more instances of polluted clouds (as indicated by high N and small r.) that are highly reflective (strong
CRFgyy) are found during node patterns with offshore flow or weak flow at 850 hPa (e.g., nodes 3, 4, 5, and 10).

The findings reported here may be of significant interest to atmospheric science communities utilizing climate models
(CMs) because the synoptic-scale flow—cloud microphysics relationship from the SOM may be used to test CMs and probe
uncertainties in their simulation of aerosol effects. For instance, the SOM results may be used to better understand if CMs are
capable of reproducing similar patterns between large-scale circulation and cloud microphysics/radiative forcing. One could
then quantify the impact of using the radiative forcing from the observed SOM relationship with the modeled 850 hPa height
field rather than the model-predicted radiative forcing over the semi-permanent marine stratiform regions. Also, this analysis
could be extended to evaluate in a statistical sense the ability of long-term simulations to replicate each large-scale regime.

Moreover, most CMs have difficulty with accurately representing MBL clouds — which are susceptible to aerosol effects —
because they often use a horizontal grid spacing that is too large (10 km). However, reproducing large-scale meteorological
fields, such as pressure or isobaric height, is typically easier for CMs. Here, we demonstrate a “proof of concept” study of a
novel method to link well-resolved synoptic-scale features to cloud microphysics and shortwave radiative forcing. Because the
approach is relatively simple to implement, it may be applied to other problems in atmospheric science involving interactions
between spatial scales.

While the results presented here are promising, a data set spanning a longer time period is required to develop a robust
analysis that evaluates the ability of CMs to reproduce the observed synoptic-scale weather patterns and mesoscale cloud prop-
erties. In general, using machine learning techniques to connect large-scale circulation patterns to cloud microphysics, which
is challenging using solely observations from field campaigns or modeling case studies, is important for accurate predictions
of future atmospheric climate. The results presented here may not be applicable to all marine stratiform cloud decks owing to

potential differences in the frequency, strength, and location of the respective high pressure circulation, as well as differences
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in, for example, coastal geometry and topography, continental land use, aerosol sources, and sea surface temperature. Future
work will explore the application of the methodology outlined herein to the other dominant MBL cloud regions of the world

using global reanalysis products and model output.

Code and data availability. NARR reanalysis are available from the National Oceanic and Atmospheric Administration (NOAA) National
Centers for Environmental Information (NCEI) website (https://www.ncdc.noaa.gov/), Aqua MODIS Level 2 satellite retrievals are available
from the National Aeronautics and Space Administration (NASA) Earthdata website (https://search.earthdata.nasa.gov/), and buoy observa-
tions are available from the NOAA National Data Buoy Center (NDBC) website (https://www.ndbc.noaa.gov/). The Matlab SOM Toolbox
code is available for download courtesy of the Helsinki University of Technology (http://www.cis.hut.fi/projects/somtoolbox/). Additional

codes are available upon request.
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