An Overview of Atmospheric Features Over the Western North Atlantic Ocean and North American East Coast – Part 2: Circulation, Boundary Layer, and Clouds
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Key Points:
1. Atmospheric circulation and sea surface temperature drive large seasonal changes in precipitation, surface fluxes, and cloud types.
2. Synoptic activity in winter yields the highest seasonal rain rates, low-cloud occurrence, and, cloud droplet number concentrations.
3. Climate models simulate a wide range of low-cloud properties, with improved results for models with more sophisticated turbulence schemes.


Abstract
	The Western North Atlantic Ocean (WNAO) is a complex land-ocean-atmosphere system that experiences a broad range of atmospheric phenomena, which in turn drive unique aerosol transport pathways, cloud morphologies, and boundary layer variability. This work, Part 2 of a 2-part paper series, provides an overview of the atmospheric circulation, boundary layer variability, three-dimensional cloud structure, and precipitation over the WNAO; the companion paper (Part 1) focused on chemical characterization of aerosols, gases, and wet deposition. Seasonal changes in atmospheric circulation and sea surface temperature explain a clear transition in cloud morphologies from small shallow cumulus clouds, convective clouds, and tropical storms in summer, to stratus/stratocumulus and multi-layer cloud systems associated with winter storms. Synoptic variability in cloud fields is estimated using satellite-based weather states, and the role of postfrontal conditions (cold-air outbreaks) in the development of stratiform clouds is further analyzed. Precipitation is persistent over the ocean, with a regional peak over the Gulf Stream path, where offshore sea surface temperature gradients are large and surface fluxes reach a regional peak. Satellite data show a clear annual cycle in cloud droplet number concentration with maxima (minima) along the coast in winter (summer), suggesting a marked annual cycle in aerosol-cloud interactions. Compared with satellite cloud retrievals, four climate models qualitatively reproduce the annual cycle in cloud cover and liquid water path, but with large discrepancies across models, especially in the extra-tropics. The paper concludes with a summary of outstanding issues and recommendations for future work.



1. Introduction
The Western North Atlantic Ocean (WNAO) region represents a complex climate system that comprises a wide range of spatiotemporal scale phenomena: mesoscale continental convection and tropical cyclones, synoptic-scale processes (e.g., frontogenesis), and interannual climate variability (e.g., North Atlantic Oscillation). The region is influenced by the Gulf Stream current system, which gives rise to sharp spatial gradients in sea surface temperature (SST) and is responsible for significant ocean-atmosphere interactions (Small et al., 2008). In this regard, interactions between SST, surface air temperature, and winds yield strong turbulent fluxes that regulate the evolution of the atmospheric boundary layer and the regional atmospheric circulation (Nakamura et al., 2008). The WNAO climate is strongly controlled by the semi-permanent North Atlantic Anticyclone, which modulates the air flow patterns and aerosol transport from North America and Africa. The diverse atmospheric and oceanic processes over WNAO are responsible for a variety of cloud morphological types: i) stratiform boundary layer clouds preferentially in winter and spring, ii) shallow cumulus over the ocean during the warm season, iii) and deep convective and cirrus clouds associated with fronts, continental convection, and tropical cyclones. Noteworthy is the intense convective activity over the WNAO, which helps explain why this region, together with the Kuroshio Current over the Western Pacific, are the extratropical areas with the highest rain rates of planet Earth (Figure 1 in Huffman et al., 2009). The presence of human-made contrails linked to the busy air traffic is also significant (Minnis et al., 2004), as is the massive episodic downwind transport of continental aerosols. Their influence on cloud properties and precipitation remains poorly understood.
The WNAO is a unique ocean-atmosphere system featuring a variety of multiple atmospheric phenomena that can be observed globally. Moreover, the region is ideally suited for investigating the effect of the transported continental pollution as well as ocean-atmosphere feedback mechanisms. Overview studies of the general ocean-atmosphere circulation over the WNAO are currently available in the literature (e.g., Kelly et al., 2010; Wang, 2002; Hurrell and Deser 2009). However, an overview study that connects the atmospheric/oceanic circulation with cloud variability, precipitation, the atmospheric boundary layer, and aerosol-cloud interactions over the WNAO is lacking. Such an effort is hampered by the limited number of in-situ studies investigating cloud variability and aerosol-cloud interactions over this region. In this regard, a limited number of airborne field campaigns over the northern area of the WNAO have documented the relationship between cloud microphysics and aerosols in stratiform clouds (e.g. Leaitch et al., 1996; 2010) during summer and early autumn.
An in-depth overview of the atmospheric characteristics of the WNAO is motivated by the Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment (ACTIVATE), a multi-year field campaign over the region during the 2019-2023 period aimed at providing the most comprehensive characterization to date of aerosol-cloud-meteorology interactions over the WNAO (Sorooshian et al., 2019). This study combines satellite observations, atmospheric reanalysis, simulations from four state-of-the-art climate models, with a pertinent literature review, to gain insight into the processes that explain variability in cloud properties in the lower troposphere. The companion Part 1 paper (Corral et al., 2020) summarizes the atmospheric chemical composition and aerosol properties for the WNAO, aided with ground-based and airborne data, satellite observations, and chemical transport model simulations. This paper is organized as follows: first, we present a summary of the atmospheric circulation with emphasis on the atmospheric boundary layer. Next, we explore the three-dimensional structure of clouds, precipitation, synoptic variability, and aerosol-cloud interactions. Lastly, cloud properties simulated by several climate and earth system models developed by U.S. research institutions are compared against satellite observations, with concluding remarks found in Section 4.

2. Datasets
Satellite observations comprise the primary datasets of this study and include retrievals from both passive and active sensors in the visible/infrared and microwave spectra. In addition, numerical model outputs from reanalysis data are incorporated to both describe atmospheric thermodynamical features and complement the satellite observations. Climate model simulations over the WNAO are evaluated against satellite cloud fields. A more detailed description of the products is provided in the following sections and summarized in Table 1. Here, we define the WNAO as the region encompassing the 85˚W-60˚W, 25˚N-50˚N box. Unless otherwise specified, results refer to that domain.

2.1. Cloud Retrievals
2.1.1. MODIS
	Cloud fraction, cloud effective radius (re), optical depth (), adiabatically-derived cloud droplet number concentration (Nd, e.g. Grosvenor et al., 2018) described in Painemal (2018), and cloud top height (HT, Sun-Mack et al., 2014) are taken from the MODerate resolution Imaging Spectroradiometer (MODIS), on board the Aqua satellite. The MODIS cloud products analyzed are provided by two different satellite remote sensing groups: the Cloud and the Earth’s Radiant Energy System Edition 4 (CERES, Minnis, et al. 2011, 2020, CERES-MODIS hereafter), and MODIS Atmospheric Science Team (AST) Collection 6.1 (Platnick et al., 2017, referred to as MODIS). CERES-MODIS cloud retrievals have been extensively validated in Minnis et al. (2020) and Yost et al. (2020). MODIS-based cloud climatologies shown here are constructed with CERES-MODIS Edition 4 Single Scanning Footprint (SSF) daily products (level 3, 1˚ × 1˚ grid resolution). CERES-MODIS level 3 is a convenient dataset as the pixel-level cloud properties are grid-averaged according to their altitude into: low (heights below 700 hPa), mid-low (heights within 700 hPa–500 hPa), mid-high (heights within 500 hPa–300 hPa), and high (heights above 300 hPa) level clouds. The climate model evaluation in Section 3.6 is performed with MODIS Collection 6.1 level 3 monthly mean product (MOD08 for Terra and MYD08 for Aqua) together with other satellite products described in this section (2.1.). While CERES-MODIS and MODIS AST algorithms differ in some significant ways, general agreement between both datasets provides confidence that for this study, both products offer comparable results (Minnis et al., 2020). For investigating aerosol-cloud interactions (Section 3.5), we rely on pixel-level (1 km at nadir) MODIS Collection 6.1 (MYD06 1km L2 C061) re-gridded to 0.25˚ resolution. 
 
2.1.2. Satellite microwave liquid water path
	Satellite microwave liquid water path (LWP) is from the Remote Sensing System (RSS) product, estimated using the algorithms described in Wentz and Meissner (2007). The LWP climatology analyzed here is from the University of Wisconsin LWP climatology, constructed on a 1˚ spatial grid by combining RSS LWP from several satellite microwave sensors (O’Dell et al., 2008), and updated in Elsaesser et al. (2017). For the evaluation of climate models, we use RSS monthly mean retrievals derived from the Advanced Microwave Scanning Radiometer Earth Observing System (AMSR-E) on Aqua (before 2012), and the Advanced Microwave Scanning Radiometer 2 (AMSR2) onboard the GCOM-W1 satellite (after 2011).

2.1.3. International Satellite Cloud Climatology Project (ISCCP) 
	Data provided by the International Satellite Cloud Climatology Project H-series (ISCCP-H) (Young et al., 2018) were used to identify Weather States (WSs), based on a clustering analysis applied to cloud pressure and optical depth joint histograms (Tselioudis et al., 2013). ISCCP combines several weather satellites (including both geostationary and polar orbiters) to derive global cloud amount, phase, temperature, pressure, and water path using an algorithm that ingests one visible and one infrared channel during daytime and only one infrared channel for nighttime. The WSs analyzed here are derived from 1˚ resolution data for the period between July 1983 and June 2015. 
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2.1.4. CALIPSO and CloudSat
Cloud detection derived from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and CloudSat is used to describe the vertical structure of cloud occurrence. To improve cloud boundary detection, we merge data from CALIPSO Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) Version 4 Vertical Feature Mask (VFM) with CloudSat’s Cloud Profiling Radar (CPR) 2B-GEOPROF product version R05. The CALIOP product features a horizontal resolution of 333 m and a vertical resolution of 30 m and 60 m for heights below and above 8.2 km, respectively. CloudSat horizontal resolution along-track (cross-track) is 1.9 km (1.4 km), with a vertical resolution of 480 m. The CALIOP-CPR merging methodology, described in Kato et al. (2010) and Ham et al. (2017), consists first of collocating CloudSat profiles with the nearest CALIOP profile along the CALIPSO track. Next, the cloud-layer boundaries in the merged profile are determined by first selecting boundaries from CALIOP VFM when the lidar signal is not fully attenuated by optically opaque clouds. For levels below the altitude in which the CALIOP signal is completely attenuated, the cloud boundaries are taken from CloudSat. This approach yields a better detection of thin boundary layer clouds compared to 2B-GEOPROF-LIDAR product (Ham et al., 2017). Lastly, once the cloud boundaries are combined, vertically resolved (volume) cloud fraction for the WNAO domain is computed as the number of cloudy samples to the total for 125 vertical bins, with a 0.16-km bin depth, from the surface to 20-km altitude. Alternatively, the area projected low-cloud fraction (comparable to that determined from passive sensors) is computed as the number of profiles with cloud detection below 3 km relative to the total. While the overpass spatial coverage of CloudSat-CALIPSO is more limited than MODIS, this discrepancy has a minimal effect when data are averaged over long periods and broad domains (Kato et al., 2011), which is the case here.
For evaluating the cloud cover representation in climate models, we use the global climate model (GCM)-oriented cloud CALIPSO product (CALIPSO-GOCCP, Chepfer et al., 2010), with 480 m and 333 m vertical and horizontal grid resolution, respectively. The CALIPSO-GOCCP cloud simulator has been implemented into the Cloud Feedback Model Intercomparison Project (CFMIP) Observation Simulator Package (COSP, Bodas-Salcedo et al., 2011) to ingest GCM model outputs. This enables, in principle, a more rigorous comparison between climate models and CALIPSO observations in terms of spatial sampling and algorithm. CALIPSO-GOCCP fields used here are gridded to a 2.5˚ × 2.5˚ resolution, and mean fields are calculated separately for low (cloud pressure  680 hPa) , middle (680 hPa–440 hPa), and high clouds ( 440 hPa). 
CloudSat retrievals are also applied to infer low-cloud precipitation. 2C-RAIN-PROFILE version R05 consists of several vertically-resolved variables such as liquid and ice water content and precipitation, as well as an estimate of surface rain rate, following the methodology described in L’Ecuyer and Stephens (2002) and Lebsock and L’Ecuyer (2011). The spatiotemporal resolution is identical to 2B-GEOPROF, and the period of study encompasses the 20062011 period, when CloudSat operated during both daytime and nighttime.

2.2. Atmospheric Fields and Surface Fluxes
Meteorological fields for 20092018 are taken from the NASA’s Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) (Gelaro et al., 2017). Aerosol composition and tropospheric gas composition from MERRA-2 are summarized in Part 1 (Corral et al., 2020) and briefly described in Section 3.5. Here, our interest is to describe the atmospheric circulation and the processes that connect atmospheric circulation, boundary layer processes, and cloud variability. In addition, the analysis of synoptic-scale processes associated with cold-air outbreaks is based on temperature profiles from ERA5.
Satellite surface winds are taken from the Advanced SCATteromoter (ASCAT) on the EUMETSAT MetOp-A and MetOp-B for the 2014-2018 period produced by EUMETSAT ( Verhoef and Stoffelen 2013). The Advanced SCATteromoter operates in the C-band (5.2 GHz), and thus, the retrievals are less affected by rain than Ku-band scatterometers such as QuikSCAT. This makes possible the use of ASCAT over a wide range of meteorological conditions, without the disadvantage of being severely contaminated by the pervasive precipitation over the WNAO. The zonal and meridional wind components are primarily used to estimate the surface horizontal wind divergence following O’Neill et al. (2015) and O’Neill et al. (2017). Briefly, the divergence computation involves gridding instantaneous Level 2 swath-level wind vectors in all-weather conditions onto a uniform 0.25 spatial grid. Spatial derivatives are then computed within each swath and then temporally averaged into seasonal climatologies. 
SST is taken from a climatology produced using RSS AMSR-E version 7 retrievals (Wentz and Meissner, 2007) for the instrument operational period (2002-2010) and distributed by Jet Propulsion Laboratory (JPL)’S Physical Oceanography Distributed Active Archive Center. For the analysis of synoptic events, SST is taken from MERRA-2 skin temperature.
Monthly ocean latent and sensible fluxes are taken from the Objectively Analyzed Air-sea Fluxes (OAFlux) Project (Yu and Weller, 2007) at 2.5˚ grid resolution. OAFlux fluxes are estimated by combining satellite products and surface meteorological fields from numerical weather prediction model outputs in a variational optimal estimation framework. 

2.3. Precipitation
Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks–Climate Data Record (PERSIANN-CDR) (Ashouri et al., 2015) is a consistent quasi-global scale (60°N to 60°S) satellite-based operational product covering 36+ years (1983 to March 2019) of daily rainfall data with a spatial resolution of 0.25° × 0.25°. This dataset is generated using the original PERSIANN algorithm (Hsu et al., 1997; Sorooshian et al., 2000), which primarily ingests satellite infrared information and is bias corrected with the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003; Huffman et al., 1997) monthly product (version 2.2). In this study, the monthly and yearly scale PERSIANN-CDR product is used from January 1983 to December 2018 over the East Coast and WNAO region bounded by 55°-85°W and 25°-50°N. 

2.4. Global Climate models
Four Coupled Model Intercomparison Phase 6 (CMIP6) global climate models are evaluated here: E3SMv1, CESM2, and GFDL-CM4, and ModelE2.1 (see Table 2 for the explanation of the acronyms and references). These models vary in horizontal resolution from 100 km in E3SMv1 to 2  2.5 in ModelE2.1 (Table 2). We evaluate the Atmosphere Model Intercomparison Project-like atmosphere-land only  (with prescribed sea surface temperature and sea ice concentrations) simulations here.
E3SMv1 is the U.S. Department of Energy’s recently-developed Earth system model based upon CESM1 with changes to the treatment of atmospheric physical processes (including but not limited to aerosol and clouds), dynamical core and vertical resolution as well as many new features in the land and ocean components (Golaz et al., 2019; Rasch et al., 2019; Wang et al., 2020). CESM2 is the newest version of the community Earth system model housed at the National Center for Atmospheric Research. Both of these include the Cloud Layers Unified by Binormals (CLUBB) scheme for the unified representation of boundary layer (BL) turbulence, shallow convection, and cloud macrophysics (Golaz et al., 2002; Bogenschutz et al., 2013). Their microphysics scheme has also been upgraded to Morrison/Gettelman version 2 (Gettelman and Morrison, 2015).
GFDL-CM4 and ModelE2.1 are general circulation models with simpler representations of cloud microphysics and BL turbulence. Boundary layer turbulence and shallow convection are treated separately. GFDL-CM4 includes boundary layer mixing scheme in Lock et al. (2000) and Bretherton et al. (2004) shallow cumulus convection parameterization. In ModelE2.1, boundary layer turbulence has been updated according to Yao and Cheng (2012), whereas Kim et al. (2012), Del Genio et al. (2012), and Del Genio et al. (2015) describe the updates to the cumulus convection parameterization. Stratiform cloud micro- and macrophysics schemes in GFDL-CM4 are similar to that in previous versions (Held et al., 2019), and the changes to the micro- and macrophysics in ModelE2.1 are described in Kelley et al. (2020).


3. Results 
3.1. Atmospheric Circulation and Sea Surface Temperature
	A summary of the seasonal atmospheric circulation and SST for the WNAO is provided in Figure 1. The summer (June, July, August [JJA]) and fall (September, October, November [SON] months feature the warmest SST, reaching values up to 28 – 30˚C in the Caribbean, over the region referred as the Tropical Western Hemisphere Warm Pool (Wang and Enfield, 2000). In terms of monthly domain average, SST peaks in August (24.3˚C), with secondary maxima in September (23.4˚C) and July (22.8˚C). While SST remains relatively high in the subtropics (<26˚C) during the boreal winter, temperatures substantially decrease along the coast (SST < 10˚C) in winter (December, January, February [DJF]) and spring (March, April, May, [MAM]). In addition, the Gulf Stream detachment from the continental shelf at Cape Hatteras (35˚N) can also be observed in the SST field. The warm SST that extends well into the extra-tropics provides a unique climatological configuration conducive to strong latent and sensible heat fluxes, particularly in winter, when cold continental air is advected over the warmer SST region (Yu and Weller, 2007).
In terms of the large-scale circulation, dominant anticyclonic winds are promoted by the Atlantic subtropical High (Bermuda-Azores High). The Atlantic High reaches its maximum westward values in boreal winter in the subtropics, while progressively moving eastward during spring and summer. It is, nevertheless, in summer when the anticyclonic circulation reaches its maximum spatial extent over the WNAO, driving southwesterly winds over most of the western portion of the domain north of 30˚N, with strong trade winds in the subtropics. In contrast, the development of a cyclonic circulation pattern (the Icelandic Low) north of 45˚N in winter promotes north-westerlies over the northern WNAO region and encourages the migration of the Atlantic High to south of 35˚N. The winter continental westerly winds, in addition to enhancing surface fluxes over the ocean, can transport North American pollution offshore over the WNAO (Corral et al., 2020). The combined effect of SST and surface winds in the combined latent and sensible heat fluxes are depicted in Figure 2. The fluxes reach a peak along the Gulf Stream in winter, primarily attributed to the large evaporation rate due to the combination of warm SST, cold and dry continental air, and strong surface winds (Hartmann, 2016). As evaporation diminishes, surface heat fluxes become weaker, reaching a minimum in boreal summer, with negative values (downward fluxes) along the coast north of 40˚N, associated with positive air-sea temperature differences.
Vertical cross-sections of zonally averaged winds are depicted in Figure 3. The descending branch of the Hadley circulation in the subtropics is evident in winter and spring south of 30˚N. In contrast, the nearly absent subsidence in summer and autumn is explained by the seasonal weakening of the Northern Hemisphere Hadley Cell branch (Cook, 2004). Upward motions are observed north of 35˚ particularly in winter and summer and mainly limited to the free troposphere at levels above 850 hPa. Another significant atmospheric circulation pattern is the presence of the zonal jet centered at 200 hPa, with its strongest development in winter, in connection to large meridional temperature gradients. Interestingly, subsidence is also observed in the lower troposphere (below 800 hPa) north of 35˚N in SON and DJF. To further analyze this feature, Figure 4 presents time-averaged pressure velocity ( = dP/dt) profiles for two subdomains: a coastal band (coastline-70˚W and 35˚-41˚N) and an offshore domain (68.75˚W-55˚W, 35˚N-41˚N). Coastal subsidence ( > 0) is apparent below 800 hPa for all the seasons, with stronger subsidence in winter that peaks below 900 hPa. In contrast, upward motions ( < 0) are prevalent offshore, with the strongest vertical velocity in winter at 300 hPa, linked to mid-latitude storms and intensified baroclinic activity over the Gulf Stream zone (Chang et al., 2002). The connection between lower tropospheric vertical motion and the surface circulation is examined by using the surface divergence derived from ASCAT (Figures 5 and 6), following O’Neill et al. (2017). The mean divergence field (Figure 5) reveals littoral divergence north of 30˚N, with its maximum development in DJF and MAM. Interestingly, offshore surface convergence is observed for all seasons, with a maximum convergence in winter and summer. This convergence zone closely follows the meandering path of the Gulf Stream and the area with the strongest SST gradient. Moreover, the winter surface divergence pattern is consistent with the region with the most frequent occurrence of winter storms, which tends to maximize 5-10˚ offshore (Colle et al., 2015). In general, surface divergence and convergence regions are qualitatively consistent with subsidence and upward motion along the coast and offshore, respectively, with coastal subsidence confined below 850 hPa. 
As in O’Neill et al. (2017), we investigate the role of extreme synoptic events by calculating surface divergence fields after removing instantaneous ASCAT divergence with values outside two standard deviations from the mean. The extreme-value filtered maps reveal a substantial reduction in offshore convergence, and dominant divergence over most of the WNAO domain, with a particular enhancement over the littoral band relative to the unfiltered maps. Figures 5 and 6 indicate that surface divergence is strongly modulated by mid-latitude weather disturbances and tropical cyclones, consistent with previous analyses (O’Neill et al. 2017; Parfitt and Seo, 2018). This also suggests that the net upward motion of the mean winter profiles in Figure 3 is primarily accounted for by extra-tropical cyclones, with subsidence being a more frequent feature over the region (Parfitt and Czaja, 2016). It is, nevertheless, interesting to observe for the extreme-event filtering maps a meandering convergence zone over the Gulf Stream, suggesting a modulation of the local atmospheric circulation by SST. 

3.2. Cloud Properties
Vertical profiles of daytime cloud fraction estimated from the CALIOP and CloudSat dataset for the 2007-2017 period are presented in Figure 7. The monthly mean profiles transition from a dominant occurrence of high clouds (HT > 12 km) from July through September, to a progressive transition toward low altitude clouds in October, and a maximum low-cloud occurrence of 38% in January at heights around 1.5 km. The low-cloud occurrence persists in February and March, with higher CF than its high-cloud counterpart. This leads to a seasonal maximum of  volume (vertically resolved) cloud fraction in boreal winter (DJF, ~ 37% Figure 7b). In fact, the area projected cloud fraction for clouds below 3 km is 57.1% (DJF), 40.5% (MAM), 23.4% (JJA), and 39.1% (SON). The low-cloud occurrence observed by CALIOP-CloudSat is consistent with synoptic reports from ships (50 – 60%, Hahn et al., 1990).  As will be shown in Section 3.4, the low-cloud occurrence is connected with postfrontal conditions typically associated with cold air advection over the ocean. The synoptic scale occurrence of boundary layer clouds in winter is a major departure from subtropical stratocumulus cloud regimes, in which climatological features (atmospheric stability and large-scale subsidence) facilitate the occurrence and persistence of marine low clouds. While boundary layer studies in the region have been primarily associated with intensive field campaigns during episodic extra-tropical cyclones (e.g. Dirks et al., 1988, Section 3.4.2), an exhaustive description of the regional synoptic and climatological features has not been carried out with the necessary detail. The dominant presence of high clouds in boreal summer is concomitant with the WNAO seasonal peak of 200 hPa relative humidity (Gettelman et al., 2006). This humidity increase is facilitated by warmer Gulf Stream SSTs, northward transport by the prevailing surface winds, and ascending motions over the mid-WNAO (Figure 3). Moreover, Martins et al., (2011) show that high fractions of cirrus cloud in summer are mainly observed along the eastern US coast and the adjacent ocean. In contrast, winter regional maximum of cirrus cloud fraction features a zonal distribution, primarily located in the midlatitudes. These results suggest that the presence of summer cirrus clouds over WNAO is closely connected with continental convection and tropical storms that follow the Gulf Stream path.
Cloud macro and microphysical properties vary significantly by season and show considerable gradients even in the same season. Total cloud fractions of CERES-MODIS are highest and lowest in the DJF (40 – 60%) and JJA (20 – 40%) seasons, respectively (Figure 8, colors). For the determination of low-cloud CF, we take into account that the presence of high-altitude clouds can obscure and artificially reduce the retrieved low-cloud cover by passive sensors like MODIS. For this reason, we limit the analysis to daily grids with mid/high-cloud fractions (pressure levels < 700 hPa) of less than 30%, and the low-cloud CF is recalculated as LCF/(1-HCF), with LCF and HCF denoting the CERES-MODIS low and high cloud fraction, respectively. The winter-summer seasonal contrast for low-cloud CF (Figure 8, contours) is qualitatively consistent with that for total CF, with values of 40 – 50% and 15 – 30%, respectively. These values are less than those estimated from CALIPSO-CloudSat primarily due to the higher sensitivity of CALIPSO to small and optically thin cloud layers. Cloudiness generally increases north of 30N with the highest low-cloud fractions concentrated towards the northeast of the WNAO region. As evident from CALIOP, the cloud tops are dominated by liquid water, even in winter, when temperatures below freezing level (supercooled) are frequently observed north of 40˚N (Hu et al., 2010). 
	Low-cloud tops are typically high, with HT > 2 km far offshore and a littoral shoaling north of 35˚N (Figure 9). The boundary layer deepening over the open ocean, with HT > 2 km is consistent with low values of lower tropospheric stability (LTS, 13 – 14 K) throughout the year. Overall, LTS magnitudes are much less than those observed in subtropical stratiform cloud regimes (Sorooshian et al., 2019). In situ observations documented by Archer et al. (2016) near 41˚N, 70˚W (Nantucket Sound) corroborate the frequent occurrence of an unstable boundary layer, in connection with SST being warmer than the near-surface air temperature. Values of HT reach a maximum offshore during SON and DJF, exceeding 2.1 km. In addition, a decrease in HT near the coast occurs over a region with high LTS (>15 K) reaching a minimum of 800 m in JJA. Interestingly, seasonal variations along the coast are not clearly linked to their LTS counterpart. This seasonal feature in HT is likely explained by warm air advection as the coastal southerly winds develop in spring and summer. The combination of warm advection and cool SST north of 40˚N (Figure 1) is conducive for the formation of fog (e.g., Stull, 1988), with the cloud top potentially lifted through wind shear mixing. Another interesting aspect is that the WNAO cloud properties appear to be less sensitive to LTS than those observed in subtropical marine stratocumulus clouds. Regarding this point, McCoy et al. (2017) note that the air-sea temperature difference and the cold-air outbreak index (potential temperature difference between the sea surface and 800 hPa, Section 3.4.2) yield higher seasonal correlations with open- and closed-cell clouds than the inversion strength in the extra-tropics. This highlights the importance of accounting for SST for understanding the cloud evolution over the WNAO. Overall, the WNAO atmospheric boundary layer contrasts with that of the subtropical marine stratocumulus regimes, by being both less stable and deeper (e.g., Sorooshian et al., 2019).
	The spatial distribution of all-sky (cloud + clear air) satellite microwave cloud liquid water path (LWP, Figure 10, black contours) resembles the patterns for HT and CF for the domain north of 35˚N. In fact, seasonal spatial correlations between HT and LWP and CF range, respectively, between 0.77-0.90 and 0.45-0.82, after excluding JJA. A greater domain-wide range and peak values in DJF compared to other seasons, reflects more intense winter-time cyclonic activity and the concomitant increased occurrence of boundary layer clouds (Figure 7). The strong convection associated with frontogenesis for the same oceanic regions also gives rise to a wintertime maximum in precipitation over the ocean during DJF (see Section 3.3; Figure 11). During the summer, the LWP is lower (mean<100 g m-2), varies little spatially (<40 g m-2), while the low cloud fraction reaches a minimum. Cloud droplet number concentration (Nd) is a local maximum along a narrow coastal band (30˚N – 45˚N), reducing progressively to values less than 40 cm-3 west of 60˚W. The Nd seasonal maximum occurs during DJF, with concentrations up to 200 cm-3. In contrast, Nd typically reaches alongshore values of less than 120 cm-3 for the rest of the seasons, with a regional minimum over the open ocean in JJA and SON (~20 cm-3) (Figure 10). While both Nd and aerosol optical depth (AOD, Corral et al., 2020) exhibit an eastward decrease relative to the East Coast, the Nd zonal transition is limited to less than 10˚ from the coastline. Moreover, the annual cycles of Nd and AOD are anticorrelated (Sorooshian et al., 2019), a trait likely attributed in part to the columnar nature of AOD being unable to fully capture the aerosol variability in the boundary layer, as well as the possible contribution of non-hygroscopic aerosols in AOD. This exact issue will be the topic of a forthcoming study.

3.3. Precipitation
The 36-year surface precipitation climatology estimated from PERSIANN-CDR is depicted in Figure 11 (the global climatology is further discussed in Nguyen et al. 2018). The spatial average of seasonal precipitation over the WNAO region is about 3.8, 3.3, 3.6, and 3.9 mm day-1 for DJF, MAM, JJA, and SON seasons, respectively (Table 3). The precipitation contrast between the ocean and land is substantial, with overall more precipitation over the ocean than land for all seasons. Surface precipitation over the ocean increases eastward, featuring seasonal peaks that are somewhat consistent with those observed for all-sky LWP (Figure 10). The highest precipitation rate over the Atlantic Ocean is observed in DJF, with an offshore belt of maximum precipitation that extends toward mid-latitudes. This winter enhancement is mainly contributed by fronts and mid-latitude weather disturbances associated with strong baroclinicity of the region in winter (Section 3.1). More specifically, extra tropical cyclones accounts for more than 80% of the surface precipitation in DJF and JJA (Hawcroft et al., 2012). While precipitation is reduced for other seasons, values remain high for the oceanic region north of 30˚N. It is also noteworthy that the spatial peaks covary with the Gulf Stream location and the associated SST gradient, peaks in surface fluxes, and the area with observed surface convergence (Figures 1, 2, 5, and 6, O’Neill et al., 2017). During boreal summer, a significant diurnal cycle in precipitation is reported over the Gulf Stream by Minobe and Takebayashi (2014), with an amplitude of ~50 to 90% relative to the mean rain rate in summer. This diurnal cycle peaks around 05:00-10:00 local solar time, and is connected with the diurnal cycle of high clouds (as determined from satellite infrared observations). Lastly, land precipitation peaks in summer, and the local maximum is observed over Florida (Blanchard and López, 1985). 
	We employ CloudSat products to characterize drizzle and precipitation occurrence associated with clouds with tops below 3 km. Seasonal maps of frequency of occurrence are calculated for  2˚ x 2˚ grids as the ratio of profiles with non-zero precipitation in at least one vertical grid of the profile to the total of cloudy profiles. Low-cloud precipitation frequency (Figure 11, contours) peaks in winter with values up to 40% over the subdomain north of 35˚N. Similar precipitation frequency values are observed for MAM, whereas summer (JJA) features the lowest frequency (5-20%). Similar to precipitation frequency, mean surface rain rate, conditional to precipitating samples (not shown), is also a maximum in DJF (1.5 mm h-1), whereas the rates slightly decrease for other seasons (1.4 mm h-1 for MAM, 1.2 mm h-1 for JJA and SON). WNAO rain rates substantially depart from those observed in marine subtropical clouds, with Rapp et al. (2013) reporting CloudSat conditional rain rates of 4.4 mm day-1 (0.18 mm h-1) for the Southeast Pacific stratocumulus regime. In sum, WNAO precipitation (and drizzle) is less frequent than that observed in subtropical stratiform clouds (Leon et al., 2008) but surface rain rates are around 10 times greater.


3.4.  Synoptic-scale variability 
3.4.1. Weather State Analysis
	Cloud-defined weather regimes, or alternatively Weather States (WSs), are identified using a cluster analysis of ISCCP-H data, specifically using histograms of cloud optical depth versus cloud top pressure (Tselioudis et al., 2013). Tselioudis et al. (2013) identified 11 WSs that comprehensively capture global atmospheric conditions, with each representative of a distinct cloud three-dimensional cloud structure. The WSs are arranged in a way that starts with the high-top, optically thick convective and storm clouds (WSs 1 – 3), moves to middle-top, thick congestus clouds (WSs 4 – 5), then to high top, thin cirrus clouds (WS6). Fair-weather thin clouds of all heights are WS7, and low-top clouds range from the optically thinner shallow cumulus (WS8) to the thicker stratocumulus clouds (WSs 9 – 11). WS12 is kept for completely cloud-free scenes.
Figure 12 compares the frequency of occurrence of the different WSs in the global domain and in the WNAO region. The WNAO includes all WSs at frequencies similar to the global ones, making it a representative region to study cloud processes. The exception is WS 4, which primarily occurs over polar regions (Tselioudis et al., 2013). The WNAO region shows overall higher frequencies than the global average for all high-top cloud WSs, particularly for the thin cirrus WS6, consistent with the CALIOP-CloudSat climatology (Figure 7). Shallow cumuli (WS8) are relatively more frequent in the region compared to the global distribution, and stratocumulus WSs 9-11 are somewhat less frequent. 
Recent studies (Bodas-Salcedo et al., 2014; Williams et al., 2013) have shown that climate models severely underpredict shallow cumulus clouds that form in cold-air outbreaks behind cold fronts, and that underprediction is responsible for the excessive amounts of solar radiation reaching the models’ surface, especially over the Southern Ocean. Remillard and Tselioudis (2015) showed that this same climate model underprediction of shallow cumulus clouds, represented by WS8, occurs in the North Atlantic region and is associated with cold-air outbreaks. Figure 12 shows the annual frequency of occurrence of shallow cumulus (WS8) and stratocumulus (WSs 9-11) clouds over the WNAO region. It can be seen that an abundance of shallow cumulus clouds occurs preferentially over the warm waters of the Gulf Stream, while stratocumulus clouds occur over the colder waters over the northeast part of the domain. The shallow cumulus clouds occur more frequently in the winter months (Figure 12, and Figures S1-S4), and appear to be primarily associated with outbreaks of cold air coming from the North American continent. This is illustrated in the cloud satellite imagery of Figure 13, which shows a large field of stratocumulus clouds (WSs 9-11, Figure 13a) formed behind a cold front that transitions to open-cell/shallow cumulus clouds, as the system moves eastward (WS8, Figure 13b). Further details about the occurrence of cold-air outbreaks are discussed in the following section. Overall, the large frequency of occurrence of shallow cumuli in the WNAO region indicates it is a great location to study the formation and dissipation processes of cold air outbreak clouds, and that, in turn, will help elucidate the reasons for their deficient simulation in climate models.

3.4.2. Boundary layer and cold-air outbreaks
In-situ boundary layer observations have been collected over the WNAO by a number of field campaigns including: the Genesis of Atlantic Lows Experiment (GALE, Dirks et al., 1988), the Experiment on Rapidly Intensifying Cyclones over the Atlantic (ERICA, Hadlock and Kreitzbeg, 1988), and the Canadian Atlantic Storms Program (CASP, Stewart et al., 1987). While all these campaigns focused on understanding cyclogenesis and rapid cyclonic development over the Atlantic Ocean, GALE was unique in that the flight missions reached as south as ~32.5˚N, over a region where SST reached values up to 22˚C in winter. For instance, Holt and Raman (1990) documented boundary layer observations associated with an extratropical cyclone that strengthened as it moved offshore over the Gulf Stream. They noted that the littoral zone was characterized by the presence of large-scale surface divergence and clear-sky conditions, in agreement with Figures 5 and 8, and a neutral marine boundary layer. In contrast, the boundary layer deepened for the cyclonic region situated over the Gulf Stream, with a structure typical of a convective boundary layer, and accompanied with a developing stratocumulus cloud deck.
Marine cold-air outbreak (CAO) events frequently occur as part of cyclonic low-pressure systems, when westerlies are synoptically enhanced. These synoptic-scale events are visually apparent from satellite imagery as long stretches of mostly overcast cloud streets aligned along the direction of the wind (Atlas et al., 1983) (Figure 14). Additionally, they are characterized by a statically unstable lower troposphere and strengthened surface winds coupled with enhanced synoptically-induced subsidence aloft (Fletcher et al., 2016a). The enhanced surface fluxes encourage the development of the boundary layer clouds, and as the original cold air mass advects farther over the open ocean, the boundary layer deepens, with the stratiform clouds transitioning into more open cellular convective cumulus clouds. This characteristic cellular pattern is clearly depicted in the two-day imagery of Figure 13a and b.  Over the WNAO, Grossman and Betts (1990) used in-situ observations to document a strong cold-air outbreak, characterized by sea-air temperature differences that fluctuated between 13.7˚C-23.5˚C, and a surface heat flux peak of 1000 W/m2, twice greater than the winter mean (Figure 2), with a stratocumulus cloud deck transitioning to cumulus congestus over the Gulf Stream eastern edge. For the same oceanic region, Wayland and Raman (1994) described a rapid cloud top growth (up to 2.3 km) in the offshore direction and an overall deepening of the cloud layer during two CAO events in response to the strong latent and sensible heat fluxes, resulting in a well-mixed convective boundary layer.
Here we provide a monthly climatology of the frequency of occurrence of marine CAO events over the WNAO between 2007 and 2019 based on the ERA-5 reanalysis dataset (Figure 14). The marine CAO events are identified using the difference in potential temperature () between the SST (namely surface skin temperature product) and that at 800 hPa (M = SST - 800hPa) at 12 UTC daily at the ERA5 0.25o resolution. There are a variety of CAO definitions that can be readily computed from reanalysis datasets, with the one applied here following that in Fletcher et al. (2016a). Papritz et al. (2015) base a similar choice on its strong correspondence with surface fluxes over the Southern Ocean. An overlay of the corresponding monthly-mean SSTs indicates that the warm western boundary current offshore of the northern American continent, the Gulf Stream, is approximately 5 K warmer than coastal waters. We apply a grid-scale M threshold of 5 K to distinguish the CAO events that are also synoptically induced. This threshold is close to the value (6 K) used to distinguish the upper tercile of CAO events within Fletcher et al. (2016b).
Cold-air outbreak events can occur from September through May, although the early boreal fall and late spring favor only a handful of such events as the land-ocean temperature difference is relatively smaller (Figure 14; summer months are excluded for this reason). The CAO events defined by M = SST - 800hPa are most common over the warmer waters of the Gulf Stream. Overall, CAOs occur 5-7 days per month from November through March and are most frequent during January and February, when they occur on approximately 10-days per month. Interestingly, the monthly variations of CAO occurrence are consistent with the annual cycle in marine low-clouds documented using CALIOP-CloudSat (Figure 7). While not shown, the same CAO event can encompass multiple days. We document a slightly higher number of CAO days than are reported in Fletcher et al. (2016a), despite using a higher M threshold. This could reflect a different sampling period (2007-2019 versus Fletcher’s 1985 – 2009) and/or the use of a reanalysis with a smaller spatial grid spacing (0.25o versus 2.5o  within ERA-Interim). 
Overall, the WNAO is a highly-preferred region for the CAO events because the Gulf Stream carries warm equatorial water northwards past the U.S. eastern seaboard, releasing copious heat and moisture to the atmosphere when continentally-cooled high-latitude air advects past it. Future work will detail the characteristics of these events further, with ACTIVATE flights during winter seasons providing critically needed data for this pursuit (Sorooshian et al., 2019).

3.4.3. Atmospheric drivers of marine low-cloud variability
Meteorological drivers of post-frontal boundary layer clouds have been investigated in Naud et al.  (2016, 2018, 2020) and Lamer et al. (2020). Naud et al (2016) note a positive seasonal-scale correlation between two metrics of boundary layer stability (which includes LTS) and cloud cover, a finding reminiscent of similar relationships observed in subtropical marine stratocumulus cloud regimes (Klein and Hartmann, 1993). A closer look at daily variations reveals correlations of -0.35 and 0.42 between cloud top height and LTS, and CAO index, respectively, over the Southern Ocean and North Atlantic (Naud et al., 2020). While the slightly stronger correlation for CAO index is partly explained by the choice of pressure level used to compute LTS (700 hPa) and CAO (800 hPa), with the latter being closer to the cloud top, these results suggest that both, atmospheric stability and sea-air temperature differences contribute to marine low-cloud variability. 
Here we explore the relationship between daily CERES-MODIS cloud properties and CAO index and LTS (Figure 15). Daytime correlations between CAO and CERES-MODIS LCF (colors) are positive and greater than 0.1, with maximum of 0.5 for the WNAO domain (Figure 15a). In addition, CAO positively correlates with CERES-MODIS HT (contours), with typical values around 0.3-0.4. We further examine the physical meaning of the CAO index correlations by repeating the DJF analysis but using the MERRA-2 sea-air temperature difference T (SST minus 1000-hPa temperature, Figure 15b). Interestingly, the correlations slightly exceed those for CAO index (0.3 – 0.5 for both LCF and HT). We also calculate correlations for LTS, which is calculated here as the potential temperature difference between 800 hPa and 1000 hPa, to avoid ambiguities associated with the use of different pressure levels between CAO and LTS (Naud et al., 2020). LTS yields substantially smaller absolute correlations than its CAO and T counterparts in DJF, with maximum negative correlations of -0.3 north of 40˚N, and modest values for most of the WNAO domain (-0.2 – 0.1, Figure 15c).
 Correlations for summer (JJA, Figures 15d, e, and f) are smaller than winter. The relationship between LCF and T is negligible, whereas the correlation coefficients between cloud properties and CAO and LTS are almost identical but with reversed sign (|r| < 0.3). LTS (CAO) has a positive (negative) correlation with cloud cover over the subtropics and for a northerly region characterized by climatologically low cloud top heights, and relatively low SST (Figures 1 and 9). Correlations between CERES-MODIS HT and both CAO index and T are positive (0.3), while slightly negative for LTS (|r| < 0.2). These results suggest that WNAO low clouds are primarily controlled by surface heat fluxes in winter, with colder air temperatures (and stronger air-sea temperature contrast and higher CAO index) associated with more cloud cover and a deeper boundary layer. In summer, CAO index is comparable to LTS because near-surface air temperature is warmer and less variable, leading to weaker surface fluxes (Figure 2). 

3.5. Aerosol-Cloud Interactions 
	The aerosol indirect effects in boundary layer clouds have been identified as the highest source of uncertainty in estimates of anthropogenic radiative forcing effect (e.g., IPCC, 2013; National Academies, 2018). While many studies have focused on improving understanding of aerosol-cloud interactions (ACI) and their impact on climate radiative forcing using process models, climate model intercomparison, in-situ, and satellite observations (e.g., (e.g., Wang and Feingold, 2009; Kazil et al., 2011; Yang et al., 2012; Painemal & Zuidema, 2013; Ghan et al., 2016; Gryspeerdt et al., 2017), many challenges remain due to uncertainties in both models and observations (e.g., Stevens & Feingold, 2009; Fan et al., 2016). This is particularly the case for the WNAO and the adjacent continent, where ACI studies are almost non-existent (Sorooshian et al., 2020). Liu and Li (2019) analyze one year of ground-based observations over Cape Cod (42˚N, 70˚W) and compute a negative slope between cloud effective radius and aerosols, suggesting a cloud droplet size decrease modulated by aerosols. A few aircraft studies north of 40˚ N also document co-variations between aerosol and cloud microphysics in marine stratiform clouds (Leaitch et al., 1986, 2010). Here, we examine the relationship between aerosols and Nd over the WNAO using a combination of satellite and reanalysis datasets for the period spanning December 2008 to May 2018. We employ an ACI metric defined as the slope between the aerosol property (A) and Nd, specifically , using daily data. This ACI metric has been used extensively for quantifying impacts of aerosols on cloud microphysical properties (e.g., McComiskey et al., 2009; Ma et al., 2015). We used two aerosol proxies from MERRA-2: AOD and aerosol index (AI), with the latter defined as the product between AOD and Angstrom exponent. Cloud droplet number concentration is derived from Aqua-MODIS retrievals for 0.25˚ grids for warm clouds using a simplification of the adiabatic formula (Quaas et al., 2008). 
Before presenting the ACI analysis, context is provided by showing monthly speciated aerosols over the WNAO region for the same nine-year period from MERRA-2 (Figure 16a-c). As discussed in Part 1 (Corral et al., 2020), sulfate and sea salt are the main species that contribute to the total AOD (Figures 16a and c). In contrast, AI substantially differs from AOD, mainly because the large aerosol particles (sea salt and dust) feature small Angstrom exponents, yielding an AI that is smaller than those for sulfate and organic carbon. In general, because large particles can substantially enhance AOD even though their contribution to the total aerosol concentration is modest, AI is believed to be better connected to aerosol concentration than AOD (Nakajima et al., 2001).
	Aerosol-cloud interactions estimated using daytime AOD and AI, along with Aqua-MODIS cloud retrievals, vary in their seasonal patterns, with the AI-based ACIm exhibiting higher values, except for comparable values between April and August. ACIm typically ranges between -0.1 and 1.1, with increasing values generally suggesting stronger aerosol-cloud interactions. Values of  are the highest (~ 1) in the winter months (December – March), while values ranged from 0.4 to 0.8 in the other months (April – November). In contrast,  values were approximately ~0.5 between January and August, with values between 0.1 and 0.3 during the other months and a slightly negative value in November. The presence of a seasonal cycle in AI-based ACIm is puzzling, and more work is needed to corroborate these results. However, we note that winter exhibits the highest Nd (Figure 10), implying more aerosol activation into cloud droplets. Parameters that influence the ACI metrics include the mathematical method of deriving ACIm (Duong et al., 2011), variability in updraft speed and size distribution effects (Modini et al., 2015; Wood, 2012), entrainment rate and cloud adiabaticity (Braun et al., 2018), wet scavenging effects with drizzling clouds (MacDonald et al., 2018; McComiskey et al., 2009), atmospheric stability (Sekiguchi et al., 2003), cloud morphology (Lee et al., 2010), the scale and resolution of data (McComiskey et al., 2009; Ma et al., 2015), the vertical distribution of the aerosol relative to the cloud layer (Clarke & Kapustin, 2010; Adebiyi & Zuidema, 2018) and the hygroscopic properties of aerosols (Mardi et al., 2019). Moreover, the fact that both AOD and AI are vertically integrated quantities (instead of indicative of aerosols near the cloud layer) biases the magnitude of ACI (Painemal et al., 2020). Lastly, although it is a common practice to compare ACIm calculations derived from different aerosol proxies (e.g., Quaas et al., 2009), such an approach can lead to misinterpretations because the relationships between aerosol concentration (CCN) and other optical quantities are non-linear (e.g., Shinozuka et al., 2015). While a value of 1.0 for the ACI metric denotes an identical fractional increase in Nd and CCN, it is less clear whether the same interpretation applies to AOD or AI. Therefore, the utility of the ACI construct needs to be assessed based on whether satellite/reanalysis data can reproduce CCN variability, after accounting for retrieval uncertainties and environmental conditions (e.g., relative humidity and aerosol swelling near cloud edges). Extensive airborne data collected by the ongoing ACTIVATE campaign over the WNAO will be used to evaluate different ACI metrics against ground-truth observations, and how these can be applied to the evaluation of modern GCMs (Ghan et al., 2016; Gryspeerdt et al., 2017; Wang et al., 2020). ACTIVATE will also investigate the relative contributions of sea salt and sulfate to cloud droplet activation within the prevailing environmental conditions, and precipitation susceptibility to variations in aerosol concentration. For instance, sea salt tracer species are the most abundant component along the U.S. East Coast in wet deposition samples (Corral et al., 2020). Further analysis will distinguish the role of sea salt in low-cloud microphysics and drizzle formation from that of meteorology and other aerosols.
 
3.6. Model-Satellite Intercomparison over WNAO
We first assess the ability of the models to simulate the MERRA-2 atmospheric circulation depicted in Figure 3 (Figure 17). The zonally-averaged GCM circulation is quite comparable to MERRA-2 for E3SMv1, CESM2, and GFDL-CM4, especially in DJF. The zonal winds and the 200-hPa jet for DJF, MAM, and SON simulated by these models compare well with MERRA-2. For instance, the models properly generate descending motion south of 35˚N and ascents in the extra-tropics. They even simulate a shallow meridional circulation for levels below 850 hPa north of 35˚N in DJF, similar to the one described in Section 3.1. In addition, the simulated zonal winds and the 200-hPa jet for DJF, MAM, and SON compare well with MERRA-2.  However, models tend to produce slightly stronger upward motion than MERRA-2, especially in the lower troposphere. GISS ModelE2.1 departs from the other models in that it simulates an overly weak meridional circulation, with upward motion much weaker than MERRA-2 , likely due to GISS ModelE2.1’s coarse resolution (2.5˚).  This model misrepresentation severely impacts the simulation of clouds, as discussed subsequently.
Satellite retrievals from MODIS, AMSR-E, and CALIOP are utilized for evaluating four state-of-the-art climate models described in Section 2.3: E3SMv1, CESM2, GFDL-CM4, and ModelE2.1. For cloud fraction, we rely on model outputs post-processed using COSP (Section 2.1.4), to compare model outputs consistent with the CALIPSO-GOCCP retrieving algorithm.
We compare COSP-simulated seasonal means of low-cloud fraction (LCF, cloud fraction for pressure levels > 680 hPa) and total cloud fraction (TCF) from the four models against CALIPSO-GOCCP for the area bounded by 25° – 50°N and 60° – 82°W in Figures 18 and S1, respectively. In the satellite climatology, LCF is highest in winter (DJF, area average of 42%) and lowest in summer (JJA, area average of 22%), in agreement with CERES-MODIS and CALIPSO-CloudSat datasets presented in section 3.2. The models are able to partially simulate the winter-summer contrast, with the highest LCF in DJF and the lowest in JJA; nevertheless, biases are also evident. For instance, E3SMv1 overestimates LCF during the first half of the year (especially in DJF) and underestimates LCF during the second half (JJA and SON). CESM2 and GFDL-CM4 models produce too little LCF throughout the year with modest seasonal variations and so does GISS ModelE2.1 except in JJA (an area average of 25% during that season). Moreover, GISS ModelE2.1 simulates the weakest annual cycle (25.5-30.1%), with the largest LCF underestimation in the extra-tropics for winter, and an incorrect oceanic maximum for the northern part of the domain in JJA, in stark disagreement with the satellite observations.
As expected, TCF is higher than LCF due to the significant contribution of mid and high-level clouds (Figure S5). As with LCF, CALIPSO-GOCCP TCF is the highest (72% area average) in DJF and lowest in JJA (60% area average). Again, the models simulate this annual cycle but are biased in the actual values. E3SMv1’s TCF is close to GOCCP in DJF (74% area average), whereas this model produces lower TCF for the rest of the year with the greatest underestimation in JJA (46% area average). The other models underestimate TCF throughout the year. 
Simulated LWP fields are compared against satellite microwave retrievals from the combined record of two generations of the AMSR-E(2) instruments (AMSR-EOS [AMSR-E] and AMSR-2) derived over the ocean (Figure 19). The simulated total LWPs are the total grid cell averages of both cloudy and clear portions. E3SMv1 underestimates LWP for all seasons. In contrast, CESM2 overestimates total LWP in DJF (110 g m-2 area average) and underestimates it for other seasons. GFDL-CM4 and GISS ModelE2.1 produce too much total LWP throughout the year. In-cloud LWPs (Figure S6) are higher and mostly follow the same annual cycle as total LWP except that SON LWPs are higher than DJF in AMSR-E(2) and GISS ModelE2.1.
We also evaluate the models’ ability to simulate the observed co-variation between LCF and AOD with LWP (Figure 20). We do not make inferences about aerosol effects on clouds. Instead, we merely show the extent to which climate models can simulate the observed co-variations. Satellite AOD is derived at 550 nm wavelength from MODIS AST level 3 product ( combined average from Terra and Aqua, MOD08 and MYD08) and LCF is taken from CALIPSO-GOCCP. In addition to AMSR-E(2) LWP, we incorporate the Aqua+Terra average MODIS AST Level 3 LWP in the modeling evaluation. The MODIS AST product categorizes the retrievals into overcast (OVC) and partly cloudy (PC) scenes. While both OVC and PC correspond to cloudy pixels, PC pixels are typically observed near cloud edges and broken scenes, where the retrievals are more likely to be biased. While the OVC retrievals are, in principle, more reliable than its PC counterpart, the removal of PC pixels will likely induce a sampling bias due to the exclusion of optically thinner clouds that also contributes to the mean LWP. For this reason, we use the combined PC+OVC for the estimation of MODIS LWP. While MODIS and AMSR-E(2) LWP are quite consistent for overcast scenes (Seethala and Horvath, 2010), they substantially differ in broken scenes primarily because AMSR-E(2) represents the total LWP (clear+cloudy) whereas MODIS LWP is in-cloud. For this reason, MODIS LWP is weighed by the grid liquid cloud fraction (computed as the ratio of the number of liquid cloud pixels to the total) to represent the all-sky liquid water path. 
As expected from the maps in Figures 17-19, LWPs from E3SMv1 and CESM2 in Figures 20 a,c are just below that of AMSR, while GISS ModelE2.1 and GFDL-CM4 LWPs are generally above the satellite LWP for AODs < 0.11. In terms of the AOD-LWP relationship, E3SMv1 and CESM2 reproduce the weak AOD-AMSR-E(2) relationship in June (Figure 20c), yet CESM2 simulates an overall negative rate not observed in AMSR-E(2) or MODIS LWP in March (Figure 20a). In contrast, GISS ModelE2.1 and GFDL-CM4 substantially overestimate the satellite AOD-LWP relationship derived from both AMSR-E(2) and MODIS, especially in March (Figure 20a). 
The shape of the observed LCF-LWP relationship in Figures 20 b-d is somewhat similar for MODIS and AMSR-E(2), with slightly stronger slopes for MODIS in June. While all the models simulate stronger LCF-LWP relationships than their satellite counterparts in March (~0.8 and 1.0 g m-2/% for MODIS and ASMRE(2)), the slope is less pronounced for E3SMv1 (2.2 g m-2/%, March) and CESM2 (3.0 g m-2/%, March). Similar to the AOD case, GFDL-CM4 and ModelE2.1 LWP increase steeply with increasing LCF at a rate of ~5.6 g m-2 /% and ~4.6 g m-2 /%, respectively. Interestingly, while substantial overestimations in GFDL-CM4 and ModelE2.1 remain in June, models and observations are consistent in that LWP increases with binned CF. It is unclear why the simulated relationships worsen in boreal winter. This is possibly, in part, connected to the frequent occurrence of stratiform clouds in winter and the associated challenges of simulating boundary layer clouds by climate models (Caldwell et al., 2013; Lin et al., 2014; Wyant et al., 2015; Koshiro et al., 2018). As for the model’s ability to replicate the aerosol three-dimensional structure, this will be addressed in a future contribution. E3SMv1 and CESM2 produce similar relationships with LWP slightly lower than satellite measurements, whereas GFDL-CM4 and ModelE2.1 generally overestimate LWP. This difference is striking considering that E3SMv1 and CESM2 both use CLUBB to represent the boundary layer turbulence, shallow convection, and cloud macrophysics and Morrison-Gettelman version 2 for stratiform cloud microphysics, whereas GFDL-CM4 and ModelE2.1 utilize separate simpler treatments of cloud and turbulent processes. Thus, the unified treatment of processes in CLUBB does represent an improvement in the simulation of clouds over the WNAO.
We also evaluate the relationship between the simulated low-cloud fraction and M (Figure S7), with the upper tropospheric level taken at 850 hPa (instead of 800 hPa), as it is a standard pressure level in the CMIP6 models. In terms of observations, CALIPSO LCF correlates with MERRA-2 M during March, consistent with the satellite analysis in Figures 15a. This covariation is only simulated by E3SMv1 (Figure S7a), whereas ModelE2.1 shows substantial discrepancies relative to CALIPSO and MERRA-2. Unlike March, the covariation between LCF and M for June is negligible (Figure S7b). Nevertheless, the models typically simulate negative correlations, implying a control of the atmospheric stability over the summer cumulus clouds that is not supported by the satellite analysis. Overall, these results suggest that the boundary layer misrepresentation in models plays an important role in explaining discrepancies in the simulated cloud fields.
	The model-satellite intercomparison is inherently complex not only because of the different model parameterizations and assumptions but also because the interpretation of the satellite relationships can be biased due to remote sensing limitations. For instance, AOD enhancement is observed near the vicinity of clouds and linked to aerosol swelling, 3D radiative transfer effect, and cloud contamination in the retrievals (Varnai and Marshak, 2018). Also, biases in partially cloudy scenes are well-known in MODIS cloud retrievals (e.g. Zhang and Platnick, 2011; Painemal et al., 2013) and AMSR-E (Greenwald et al., 2018). In-situ observations are therefore crucial to provide a ground-truth relationship that can be used for better interpreting the satellite observations and more accurately evaluate climate models. 

4. Concluding Remarks
Distinctive spatiotemporal atmospheric phenomena coexist over the WNAO, accounting for high variability in cloud and boundary layer characteristics. Here, we have endeavored to document the atmospheric circulation and its link to clouds and precipitation using numerous satellite datasets, reanalyses, and climate models. This work complements the comprehensive literature review in Sorooshian et al. (2020), and the atmospheric chemistry and aerosol composition overview in Corral et al. (2020, Part 1). In the following, we summarize the salient climatological characteristics discussed in the paper and current challenges from a modeling and process study perspective.
The SST spatial pattern reveals contrasting differences between coastal/northern waters and those dominated by the Gulf Stream farther offshore. This spatial distribution also explains specific surface flux spatial patterns, with a peak over the Gulf Stream, particularly in winter. These coastal and offshore regions witness, respectively, subsidence and ascending motion, which are strongly modulated by extra-tropical cyclones. In summer, warm SSTs are conducive to the formation of short-lived cumulus clouds, which are generally underrepresented in most of the models evaluated here. The extent to which the Gulf Stream modulates the atmospheric circulation remains an open question, given the difficulty of disentangling the oceanic forcing from atmospheric mesoscale and synoptic-scale processes (O’Neill et al., 2018). 
The presence of stratocumulus clouds in winter over the broad oceanic domain is evident from CALIOP-CloudSat, with low-cloud fraction of occurrence of 57.1%; whereas this decreases to 23.4 % in summer. However, the occurrence of high clouds is persistent year-round, which can make the low-cloud sampling difficult using satellite passive sensors only. It is also during winter when the low-cloud droplet number concentration is a maximum over the coastal region, when advection of continental air is more frequent. It is, nevertheless, puzzling that the Nd winter maximum is observed during the season with the highest rain rate and precipitation frequency. We hypothesize that this counterintuitive relationship at seasonal scale can be reconciled by synoptic scale processes, in which episodes of high Nd and modest precipitation are preceded or followed by rainy events and low Nd. While postfrontal conditions are the main driver of stratiform cloud formation in the WNAO, the exact way synoptic-scale processes and associated baroclinic waves modulate the development and dissipation of the boundary layer clouds has not been explored with the necessary detail. The synoptic forcing is of broad interest due to its impact on surface fluxes, divergence fields and upward motions, precipitation, as well as its control over long-range transport of continental air. Moreover, Coupled Model Intercomparison Project Phase 6 (CMIP6) models show an increased equilibrium climate sensitivity, compared to the previous consensus, in part because of stronger positive extratropical low cloud feedbacks (Zelinka et al., 2020). Model biases in the representation of marine CAO clouds contribute to these uncertainties in climate models (Field et al. 2014).
Aerosol-cloud interactions remain a long-standing issue over the region. A scarce number of studies have documented correlations between cloud droplet number concentration (and effective radius) with aerosol concentration, consistent with indirect effect expectations. However, it is crucial to understand the modulation of the atmospheric dynamics and aerosol speciation in ACI studies, including precipitation susceptibility to aerosol loading. While satellite data remain the only available observations over the open ocean, without understanding the relationship between aerosol optical properties and CCN, any computation of cloud susceptibility due to changes in aerosols cast in terms of AOD/AI will yield magnitudes that will be difficult to interpret. Uncertainties also extend to the seasonal anticorrelation between Nd and aerosols (both MERRA-2 AOD and surface mass concentration, Corral et al., 2020). We speculate that seasonal variations in boundary layer dynamics can help reconcile the counterintuitive Nd-aerosol annual cycle: more turbulent and well-mixed boundary layer in winter  favor aerosol activation, whereas weak surface heat fluxes, cloud shortwave heating, and lateral entrainment in summer shallow cumulus clouds conspire to yield less vigorous turbulence, and ultimately, less favorable condition for activation. In this regard, the WNAO domain is particularly appealing for ACI studies as both shallow cumulus clouds and stratiform clouds coexist over the region. Given the dissimilar atmospheric forcing and the seasonal variability in aerosol speciation (Corral et al., 2020), seasonal contrasts should also be expected in the magnitude of the aerosol indirect effect.
It has long been recognized that global climate models poorly simulate clouds, contributing to a lack of consistency in climate sensitivity in models (Bony et al., 2006) due to a large range in modeled cloud feedbacks (Bony & Dufresne, 2005; Zelinka et al., 2020). Here, we reaffirm that the current generation of models continue to have a wide spread in simulating clouds in the WNAO. Two models (E3SMv1 and CESM2) slightly underestimate LWP as compared to satellite measurements, and two others (GFDL-CM4 and ModelE2.1) overestimate LWP. This results in relationships between LWP and AOD or LCF that are similar to those derived from satellites in the former two models, whereas the slope of those relationships in the latter two are steeper. Part of this spread is likely due to the different representations of boundary-layer turbulence and cloud processes. Notably, E3SMv1 and CESM2 both use the same unified treatment of boundary layer turbulence, shallow convection, and cloud macrophysics (CLUBB) and the same representation of cloud microphysics, whereas GFDL-CM4 and ModelE2.1 separate simpler treatments of turbulent and cloud processes. Unlike other models, the fundamental issue with ModelE2.1 is its disparate simulation of the atmospheric circulation, which substantially differs from MERRA-2. It is, thus, expected that the cloud misrepresentation in ModelE2.1 is primarily traced back to problems with the simulated circulation. Regarding E3SMv1 and CESM2, it appears that the unified treatment helps to produce more realistic clouds, even though a more comprehensive model evaluation is needed to corroborate this hypothesis. Moreover, E3SMv1 is the only model evaluated here able to simulate the dynamical covariation in winter between cloud fraction and two atmospheric stability metrics. In addition, Brunke et al. (2019) noted that interactions between large-scale dynamical motions and the parameterizations of sub-grid scale processes also contribute to errors in the simulation of clouds. This may be the reason for the slight differences between the clouds in E3SMv1 and CESM2. The interesting difference in model performance of simulating boundary-layer clouds warrants further investigation of aerosol-cloud interactions in these models. Measurements made during ACTIVATE are helpful in future evaluation of model parameterizations of cloud microphysics, precipitation, aerosol-cloud interactions, and boundary layer turbulence in the WNAO region.
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Data Availability
· [bookmark: _Hlk534378752]CERES MODIS SSF Level 3 products: https://doi.org/10.5067/Aqua/CERES/SSF1degDay_L3.004A
· CALIPSO CAL_LID_L2_VFM-Standard-V4-20  product: https://asdc.larc.nasa.gov/project/CALIPSO/CAL_LID_L2_VFM-Standard-V4-20_V4-20
· CloudSat 2B-GEOPROF P1_R05 product: http://www.cloudsat.cira.colostate.edu/data-products/level-2b/2b-geoprof?term=87 
· MODIS Atmospheric Science Team aerosol and cloud products: http://dx.doi.org/10.5067/MODIS/MYD08_M3.061, http://dx.doi.org/10.5067/MODIS/MOD08_M3.061
· AMSR-E Level 3 Sea Surface Temperature for Climate Model Comparison. Ver. 1. PO.DAAC, CA, USA. Available at https://doi.org/10.5067/SST00-1D1M1.
· PERSIANN-CDR rain dataset: http://doi.org/10.7289/V51V5BWQ
· ISCCP-H cloud products are available via https://www.ncdc.noaa.gov/isccp/isccp-data-access, and weather states available upon request (george.tselioudis@nasa.gov).
· AMSR-E and AMSR-2 liquid water paths and SST are available at http://www.remss.com/missions/amsr/
· The University of Wisconsin microwave LWP climatology can be downloaded at http://dx.doi.org/10.5067/MEASURES/MACLWPD
· ASCAT winds are availability: http://dx.doi.org/10.15770/EUM_SAF_OSI_0006
· OAFlux: https://doi.org/10.5065/0JDQ-FP94
· MERRA-2 meteorological fields can be downloaded at: https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/ and ERA-5 at: https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era5
·  Weather State data (Tselioudis et al., 2013)  can be accessed at: https://isccp.giss.nasa.gov/wstates/hggws.html
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[bookmark: _Ref28550485]Table 1. Summary of data products and models used in this study. MERRA-2 = Modern-Era Retrospective analysis for Research and Applications, version 2; ISCCP = International Satellite Cloud Climatology Project; PERSIANN-CDR = Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks–Climate Data Record; MODIS = Moderate Resolution Imaging Spectroradiometer on Aqua, with retrievals derived using CERES-MODIS and MODIS Atmospheric Science Team (ST) algorithms; CALIPSO-CLoudSat= Cloud–Aerosol Lidar and Pathfinder Satellite Observations (CALIPSO) and CLoudSat merged dataset; CALIPSO-GOCCP =CALIPSO GCM Oriented Cloud CALIPSO Product (GOCCP); ASCAT= Advanced Scatterometer; AMSR = Advanced Microwave Scanning Radiometer. CMIP6 model names: E3SMv1 = Energy Exascale Earth System Model version 1; CESM2 = Community Earth System Model Version 2; Model E2 = Goddard Institute for Space Studies (GISS) ModelE version 2. 
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	Product

	
	MERRA-2

	ERA-5
	ISCCP
	OAFlux
	PERSIANN-CDR
	Aqua CERES-MODIS

	Aqua/Terra MODIS AST
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	CALIPSO-GOCCP
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	Satellite microwave climatology of SST and LWP
	GCM (CMIP6)

	Meteorological fields (Section 3.1)
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	Precipitation (Section 3.3)
	
	
	
	
	
	
	
	
	
	
	
	

	Weather State Analysis (Section 3.4.1)
	
	
	
	
	
	
	
	
	
	
	
	

	Cold air outbreaks (3.4.2)
	
	
	
	
	
	
	
	
	
	
	
	

	Aerosol-Cloud Interactions (Section 3.5)
	
	
	
	
	
	
	
	
	
	
	
	

	Model evaluation (Section 3.6)
	
	
	
	
	
	
	
	
	
	
	
	



[bookmark: _Ref28547768][bookmark: _Ref23345777]Table 2. The CMIP6 models used in Figure 16-19

	Model acronym
	Model long name and reference
	Horizontal resolution

	E3SMv1
	Energy Exascale Earth System Model version 1 (Golaz et al., 2019)
	100 km

	CESM2
	Community Earth System Model version 2 (Danabasoglu et al., 2020)
	0.9  1.25

	GFDL-CM4
	Geophysical Fluid Dynamics Laboratory Climate Model version 4 (Held et al., 2019)
	1  1.25

	ModelE2.1
	Goddard Institute for Space Studies ModelE version 2.1 (Kelley et al., 2020)
	2  2.5






Table 3. Summary of spatial mean (µ), standard deviation (σ), maximum, and minimum of seasonal PERSIANN-CDR accumulated rainfall climatology (mm/day) over the ocean and land areas (WNAO region) for the period between 1983 and 2018. 
	Season
	Precipitation over ocean and land (mm/day)
	Precipitation over ocean (mm/day)
	Precipitation over land (mm/day)

	
	µ ± σ
	µ ± σ
	Max
	Min
	µ±σ
	Max
	Min

	DJF
	3.8 ± 1.6
	4.3 ± 1.8
	8.4 
	1.1 
	2.8 ± 0.7
	5.5 
	1.2

	MAM
	3.3 ± 0.9
	3.6 ± 1.0
	6.6 
	1.6 
	2.9 ± 0.5
	4.0
	1.6

	JJA
	3.6 ± 1.1
	3.7 ± 1.3
	7.5 
	0.9   
	3.5 ± 0.9
	8.1
	2.5

	SON
	3.9 ± 0.8
	4.3 ± 0.7
	6.7 
	2.7 
	3.2 ± 0.4
	4.9
	2.6
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[bookmark: _Ref23236424]Figure 1. Overview of meteorological conditions and SST over the WNAO region based on MERRA-2 data between 2009-2018. Color shades represent SST from AMSR-E climatology, Black contour is sea level pressure, and arrows are near-surface wind speed at 975 hPa (green) and that at  700 hPa (gray). Bermuda is denoted by a star. 
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Figure 2: Combined surface latent and sensible heat fluxes from OAFlux for 2009-2018.
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Figure 3: Zonally-averaged cross section of the atmospheric circulation from MERRA-2 for the domain bounded between 80˚W-60˚W. Meridional and pressure velocity are denoted by arrows (= upward motion), whereas colors indicate the zonal wind component.
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Figure 4: Averaged vertical profiles of MERRA-2 pressure velocity () for a coastal (coastline-70˚W and 35˚-41˚N) and an offshore domain (68.75˚W-55˚W, 35˚N-41˚N). Positive (negative)  denotes subsidence (upward motion).
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Figure 5: Seasonal ASCAT-based surface divergence for the 2014-2018 period. Black contours depict AMSR-2 SST, with the 20˚C isotherm highlighted.
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Figure 6: Seasonal ASCAT-based surface divergence constructed from samples with divergence up to two standard deviations from the mean (extreme values removed). 




[image: ]
Figure 7: Profiles of volume (vertically-resolved) cloud fraction (CF) over the WNAO: a) monthly mean, b) seasonal mean and area-projected CF contributed by any cloud below 3 km (low CF). 














[bookmark: Figure7]
[image: ]

[bookmark: _Ref23322288]Figure 8. Seasonal total cloud fraction (colors) and low-cloud fraction (contours) from CERES-MODIS Level 3 (2009-2018).














[image: ]
[bookmark: _Ref23322302]Figure 9. Low-cloud top height (HT) and lower tropospheric stability (contours) from CERES-MODIS Level 3 (2009-2018). LTS is estimated as the potential temperature difference between 700 hPa and 1000 hPa. Seasonal HT is estimated from daily grids with low-cloud fraction > 50%.
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[bookmark: _Ref23322359]Figure 10. Cloud droplet number concentration (Nd; colors) from CERES-MODIS SSF level 3 (2009-2018), and all-sky LWP (g m-2; contours) from a satellite microwave climatology. Seasonal Nd is estimated from daily grids with low-cloud fraction > 50%.
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[bookmark: _Ref23322070][bookmark: _Ref23359394]Figure 11. Climatology of seasonal PERSIANN-CDR accumulated rainfall (mm/day) for 1983-2018 (color). Gray contours represent the frequency of occurrence in % of low clouds with in-cloud precipitation based on daytime and nighttime CloudSat overpasses for the 2006-2011 period. 













[image: ]
[bookmark: _Ref23276121]Figure 12. a) Overall frequency of occurrence of Weather States in the WNAO region as compared to the globe, with specific values reported for all four seasons. The data represent analysis for the period between July 1983 and June 2015. b) and c) Spatial distribution of WS8 (shallow cumulus) and WS9/WS10 (stratocumulus). The data represent analysis for the period between July 1983 and June 2015.
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Figure 13: Example of cold air outbreak for March 17-18, 2008. The visible image is taken from Terra-MODIS, and numbers and grids denote the Weather State type and the spatial region in which the weather state clustering is applied. 
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Figure 14: Monthly climatology of the relative occurrence of marine cold-air outbreaks identified at M>5K threshold for the period of 2007 – 2019 over WNAO (marine CAO events are uncommon during the boreal summer). Dashed contour lines indicate the mean monthly SSTs. All data are from the ERA5 reanalysis.
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Figure 15: Daytime linear correlation coefficient between CERES-MODIS cloud properties and winter MERRA-2: a) CAO index (M), b) T, and c) LTS. Correlations for summer are depicted in d), e), f). Colors represent the relationships with CERES-MODIS LCF and contours CERES-MODIS HT (contours). Negative contours for HT are represented with dashed lines. Absolute correlations higher than 0.25 are statistically significant at 95% confidence level according to a Student’s t test. 
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Figure 16: MERRA-2 aerosol speciation and ACI analysis: a) AOD annual cycle for dust, organic carbon (OC), black carbon (BC), sea salt (SS), and sulfate (SO4). Annual cycle for b) speciated aerosol index (AI), c) relative monthly AOD contribution of each aerosol species, and d) ACI in the form of the slope of the relation between Nd with both AI (black) and AOD (gray). 
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Figure 17: Zonally-averaged cross section of the atmospheric circulation in the four CMIP6 models for the ocean domain bounded between 80˚W-60˚W (as Figure 3). Meridional and pressure velocity are denoted by arrows (= upward motion), whereas colors indicate the zonal wind component.  White indicates regions where there are no fully oceanic grid cells within the bounds.
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Figure 18. Seasonal mean low cloud fraction (LCF) in %) for (from left to right) December-February (DJF), March-May (MAM), June-August (JJA), and September-November (SON) from (a-d) the GCM-Oriented Cloud-Aerosol Lidar and Infrared Pathfinder (CALIPSO) Cloud Product (GOCCP) and from the AMIP runs of (e-h) E3SMv1, (i-l) CESM2, (m-p) GFDL-CM4, and (q-t) ModelE2.1. Domain mean values are given in the lower right of each panel.
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Figure 19. Same as Figure 18 but for total cloud liquid water path (LWP) in g m-2, with the simulated LWP estimated as the in-cloud LWP multiplied by cloud fraction.
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Figure 20. Median LWP for (a,c) 0.04-wide bins of AOD at a wavelength of 550 nm and (b,d) 10%-wide bins of low cloud fraction (LCF) for two different retrievals of the MODIS [overcast (OVC) and partly cloudy (PC)] and the AMSR, for AMIP runs of E3SMv1, CESM2, GFDL-CM4, and ModelE2.1 (Table 2) in March (top row) and in June (bottom row) for the period between 2007-2014.
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