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Abstract. Previous studies revealed that satellites sensors with the best detection capability identify 25-40% and 0-25% fewer 

clouds below 0.5 km and between 0.5–1.0 km, respectively, over the Arctic land. Quantifying the impacts of cloud detection 

limitations on the radiation flux are critical especially over the Arctic Ocean considering the dramatic changes in Arctic sea 

ice. In this study, the proxies of the space-based radar, CloudSat, and lidar, CALIPSO, cloud masks are derived based on 

simulated radar reflectivity with QuickBeam and cloud optical thickness using retrieved cloud properties from surface-based 10 

radar and lidar during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment. Limitations in low-level cloud 

detection by the space-based active sensors, and the impact of these limitations on the radiation fluxes at the surface and the 

top of atmosphere (TOA), are estimated with radiative transfer model Streamer. The results show that the combined CloudSat 

and CALIPSO product generally detects all clouds above 1 km, while detecting 25% (9%) fewer in absolute values below 600 

m (600 m to 1 km) than surface observations. These detection limitations lead to uncertainties in the monthly mean cloud 15 

radiative forcing (CRF), with maximum absolute monthly mean values of 2.5 Wm-2 and 3.4 Wm-2 at the surface and TOA, 

respectively. Cloud information from only the CALIPSO or the CloudSat leads to larger cloud detection differences compared 

to the surface observations, and larger CRF uncertainties with absolute monthly means larger than 10.0 Wm-2 at the surface 

and TOA. The uncertainties for individual cases are larger – up to 30 Wm-2. These uncertainties need to be considered when 

radiation flux products from CloudSat and CALIPSO are used in climate and weather studies. 20 

1 Introduction 

Clouds are an important modulator of radiation flux at the surface and top of atmosphere (TOA). Major advances in 

understanding cloud processes in the climate system have been made, and the amount of uncertainty in cloud feedback has 

decreased by 50% in recent years as reported in the technical summary of the sixth assessment report of the Intergovernmental 

Panel on Climate Change (Arias et al. 2021). However, cloud feedback still has the largest uncertainty among all climate 25 

feedback types (Arias et al. 2021). Climate prediction relies on a deepened understanding of clouds in the current climate 

system and how they evolve in the future. Arctic clouds are unique for being ubiquitous at low altitudes within and above a 

stable boundary layer, and for persistent mixed-phase stratiform clouds in the boundary layer (Shupe et al. 2006, Cesana et al. 

2012). Cloud properties and cloud formation, maintenance and dissipation mechanisms in the Arctic stand out because of the 



2 
 

unique environment in the Arctic, e.g. extreme low temperatures, ubiquitous surface-based temperature and moisture 

inversions, and very limited local sources of cloud condensation nuclei and ice nuclei. The harsh environment in the Arctic 

makes in situ observations of Arctic clouds challenging. Coupled with the dramatic changes in the Arctic especially the Arctic 

sea ice in the last few decades, Arctic clouds may pose the largest challenges in improving our understanding cloud feedback 

mechanisms (Vavrus et al. 2009, Tan et al. 2015, Arias et al. 2021). 5 

Better understanding Arctic clouds requires accurate observations/measurements of three-dimensional cloud macrophysical 

and microphysical properties. Observations from surface-based instruments, and space-based passive and active sensors have 

been used to study Arctic cloud properties, as well as their climatology and inter-annual variabilities. These observations have 

their relative strengths and limitations. Surface observations with active lidar and radar have a superior capability to measure 

cloud properties of the whole column (Shupe et al. 2011, Shupe 2011, Zhao and Wang 2010, Dong et al. 2010) and to resolve 10 

the diurnal cycle, but with poor spatial coverage. Cloud products from passive satellite sensors in the visible and infrared 

spectrum, e.g. AVHRR, MODIS and VIIRS, have good spatial coverage and long time series, which is critical for climate 

studies (Key et al. 2016). However, such data sets are limited in providing whole cloud vertical distributions due to signal 

saturation and have difficulties detecting all clouds in the polar regions especially at night (Liu et al. 2010). Observations from 

space-based active radar and lidar with other sensors potentially provide three-dimensional cloud properties (Stephens et al., 15 

2002; Winker et al., 2009, Vaughan et al. 2009, Hunt et al. 2009, Turner 2005, Zuidema et al. 2005); these products have been 

used to study global cloud spatial distributions and their temporal changes (Li et al. 2015, Naud et al. 2015, Devasthale et al. 

2011, Huang et al. 2012, Mace et al. 2009, Mace and Zhang 2014, Sassen and Wang 2008, 2012, Liu et al. 2012a), along with 

longwave and shortwave radiation flux profiles and corresponding heating rates (L’Ecuyer et al. 2008, Henderson et al. 2013). 

In addition to their relatively limited spatial coverage compared to passive satellite sensors, space-based radar, e.g. CloudSat, 20 

has issues with radar ground clutter while space-based lidar, e.g. the Cloud-Aerosol Lidar with Orthogonal Polarization 

(CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), has signal attenuation 

issues from the clouds above the low-level clouds (Marchand et al. 2008, Winker et al. 2009, Blanchard et al. 2014, Liu et al. 

2017, Christensen et al. 2013), both of which lead to detection limitations of clouds near the surface. Even the state-of-art 

combined satellite-based radar and lidar does not detect all low-level clouds (Blanchard et al. 2014, Liu et al. 2017).  25 

Over land in the Arctic, with collocated observations of cloud properties from surface-based radar and lidar as reference/truth 

and from satellite-based radar and lidar (CloudSat and CALIPSO), a few previous studies have shown that satellite-based radar 

and lidar detect slightly more clouds 2 km above mean sea level (a.m.s.l.), comparable cloud amounts between 1 km and 2 

km, and fewer clouds below 1 km (Blanchard et al. 2014, Liu et al. 2017, Mioche et al. 2015, Huang et al. 2012, Protat et al. 

2014). More specifically, the annual mean cloud fraction from space-based retrievals shows 25–40% fewer clouds below 0.5 30 

km in absolute value than those from surface-based observations, and fewer clouds from 0.5 to 1 km (Liu et al. 2017). A similar 

conclusion is expected over the Arctic Ocean due to the same detection limitations of space-based radar and lidar over the 

snow/ice covered ocean as over land. However, this theory has not been confirmed because of the lack of collocated surface-

based and space-based radar-lidar observations over the Arctic Ocean. These cloud detection limitations by the space-based 
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combined radar and lidar are expected to introduce uncertainties in the surface radiation flux, uncertainties which also have 

not yet been quantified partially because there have not been enough collocated radiation flux estimates. With the recent 

dramatic changes in Arctic sea ice (Serreze et al. 2015) and the essential role of clouds in modulating sea ice growth (Boucher 

et al. 2013, Kay and L’Ecuyer 2013, Taylor et al. 2015), it is desirable to study the accuracy/uncertainty of cloud detection 

and consequent radiation flux uncertainties over the Arctic Ocean from combined space-based radar and lidar measurements.  5 

To address the lack of collocated surface-based and space-based combined radar-lidar observations over the Arctic Ocean, one 

approach is to collect large amounts of cloud observations from surface-based radar and lidar and retrievals of cloud properties, 

including cloud phase, effective radius and water content, from these observations. These cloud properties can be used as 

inputs in a radiative transfer model to simulate radar reflectivity and cloud optical thickness, and to derive the proxies of cloud 

masks from space-based lidar and radar individually, as well as in combination. Comparisons of the derived cloud masks to 10 

surface cloud observations as truth can be used to assess the satellite sensors’ cloud detection limitations especially near the 

surface over the Arctic Ocean. The retrieved cloud properties can also be used as inputs in another radiative transfer model to 

compute the radiation fluxes with all clouds and with only those clouds detected by space-based radar and lidar to estimate the 

uncertainties in radiation flux due to space-based radar/lidar cloud detection limitations.  

During the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment, a year’s worth of surface-based radar and lidar 15 

observations of clouds were collected from October 1997 to October 1998 (Uttal et al. 2002), and vertical profiles of cloud 

properties were retrieved based on those observations (Shupe et al. 2011). The SHEBA experiment provides a product of 1-

minute-interpolated vertical distributions of cloud phase, cloud effective radius, and cloud water content from the surface to 

23 km. In our study, this dataset serves as inputs to QuickBeam, a multipurpose radar simulation package to simulate the 

CloudSat reflectivity, after which the CloudSat cloud mask is derived, followed by an equation to calculate the cloud optical 20 

thickness for CALIPSO, and then the CALIPSO cloud mask. A cloud mask for combined CloudSat and CALIPSO is then 

derived. Through this process we generate a data set of collocated cloud observations over the Arctic Ocean from surface-

based and satellite-based combined lidar and radar to confirm the space based lidar and radar cloud detection limitations near 

the surface, and to assess the uncertainties in radiation flux at the surface and TOA due to these limitations.  

2 Data and Method 25 

During the SHEBA experiment, the key instruments for the cloud observations were surface-based lidar and radar. The lidar 

system was the Depolarization and Backscatter Unattended Lidar (DABUL) at a green wavelength (0.523 µm); the radar was 

the 35 GHz millimeter cloud radar (MMCR). The radar/lidar combined approach has been used to study the cloud occurrence, 

cloud microphysical properties, and their radiative impact on the surface (Intrieri et al. 2002a, Intrieri et al. 2002b, Shupe and 

Intrieri 2004). A multi-sensor, fixed-threshold cloud phase classification scheme (Shupe et al. 2006, Shupe 2007) has been 30 

developed and applied to 1-min-interpolated observations from the DABUL, MMCR, Microwave Radiometer, and 

radiosondes to distinguish each cloud pixel/layer as one of the following 10 categories: clear, ice, snow, liquid, drizzle, liquid 
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cloud+drizzle, rain, mixed phase, haze, and uncertain, and to retrieve the cloud effective radius and cloud water content for ice 

clouds and liquid clouds, respectively. Complete details can be found in Shupe (2007). The temporal frequency of the retrieval 

products is 1 minute, and the vertical coverage is from 150 m to 22950 m with vertical resolution of 63 m from 150 to 1050 m 

and vertical resolution of 100 m above 1050 m. In our study, this dataset served as both the true/reference cloud mask and 

cloud properties, the inputs of a radar simulation package to simulate the CloudSat reflectivity, inputs to calculate the cloud 5 

optical thickness, and also inputs of another radiative transfer model to compute radiation flux. However, we only included 

the profiles of clear, ice, liquid, and mixed phase clouds, excluding any vertical profiles including snow, drizzle, liquid 

cloud+drizzle, rain, haze, or uncertain retrievals. Figure S1 shows the vertical profiles of cloud phases on November 21, 1997 

during the SHEBA experiment. The retrieved cloud effective radius and cloud water content are shown in Figure S2. 

The CloudSat cloud profiling radar (CPR) transmits a pulse at 94 GHz and measures the returning backscattered energy which 10 

contains information on its interactions with cloud and precipitation particles and atmospheric gases. Its relative higher 

frequency suggests great sensitivity to both cloud particles and water vapor besides precipitation. QuickBeam is a multipurpose 

radar simulation package that can be used to simulate the vertical radar reflectivity for CloudSat CPR and other sensors (Haynes 

et al. 2007). The inputs include a profile of hydrometeor mixing ratios, hydrometeor distribution type, hydrometeor phase and 

density, radar frequency, radar location (space based or surface based), and a temperature and moisture profile. In this study, 15 

QuickBeam was used to simulate the space-based CloudSat vertical reflectivity at 94 GHz with the 1-min-interpolated cloud 

property vertical distributions from SHEBA. For the distribution of ice and liquid clouds, we used the modified gamma 

distribution with a distribution width of 2 (Marchand et al. 2009, Haynes 2007, Haynes et al. 2007), and results were similar 

with lognormal distribution. The mixing ratios were set to use the cloud ice/liquid water content, and the cloud phase and cloud 

effective radius come from the 1-min-interpolated cloud phase. The ice crystals in Quickbeam are modeled as “soft spheres” 20 

meaning the diameter is the same as the maximum dimension of the corresponding ice crystal (Haynes 2007). It should be 

noted again that only profiles of ice, liquid, and mixed phase clouds were used for the simulation and subsequent statistical 

analysis, and all other profiles containing snow, drizzle, liquid cloud+drizzle, rain, haze, or uncertain were not included. The 

simulated CloudSat reflectivity on November 21, 1997 is shown in Figure 1a.  

The primary instrument onboard CALIPSO is a near-nadir view lidar, the CALIOP. CALIOP uses three receiver channels: 25 

one measures the 1064 nm backscatter intensity and two channels measure orthogonally polarized components of the 532 nm 

backscattered signal. The CALIOP can penetrate, and thus detect, clouds with optical thicknesses up to 5 (Winker et al. 2009). 

The cloud optical thickness was calculated based on retrieved cloud effective radius and cloud water content. For ice clouds, 

the cloud optical thickness, ti, was calculated by expressions of the form 

𝜏" = ∫ 𝐼𝑊𝐶	𝑑𝑧	 × 	(𝑎" +
/0
12
)45

46
 (1)           (1) 30 

where z1 and z2 are cloud base and cloud top heights, IWC is the ice water content, re is the cloud effective radius, ai and bi are 

constants and i is the spectral interval. For CALIOP wavelength, ai and bi are 3.448´10-3 m2g-1 and 2.431 µmm2g-1 respectively. 
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Details of this approach can be found in Ebert and Curry (1992). For liquid clouds, the cloud optical thickness was calculated 

following 

𝜏 =	
7 ∫ 89:;5

;6
<12=>

            (2) 

where LWC is the liquid water content and rw is the water density (Dong et al. 1998). The vertical distribution of the estimated 

cloud optical thickness on November 21, 1997 is shown in Figure 1b. 5 
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Figure 1: Simulated (a) CloudSat reflectivity and (b) CALIPSO cloud optical thickness, and 3) accumulated cloud optical 

thickness from top of atmosphere for CALIPSO on November 21, 1997 during the Surface Heat Budget of the Arctic Ocean 

(SHEBA) experiment.  

 

With the simulated vertical profiles of CloudSat reflectivity and cloud optical thickness, cloud masks for CloudSat, CALIPSO, 5 

and combined CloudSat and CALIPSO were derived with the following approach. The combined CloudSat and CALIPSO is 

referred as CC hereinafter. A layer was flagged as cloud if the simulated CloudSat reflectivity at a layer is larger than the mean 

radar-measured noise power at that layer, which is the 99th percentile of the clear-sky returns as in Figure 7 of Marchand et al. 

(2008), Figure 2 in this paper. The vertical line of the 99th percentile of the clear-sky returns serves as thresholds to detect 

cloud by CloudSat at all layers. This threshold provides a very stringent requirement for cloud detection, especially for cloud 10 

detection near the surface. Since it was suggested that the CloudSat cloud detection capability would be improved with lower 

mean radar-measured noise power near the surface (Marchand et al. 2008), in this study, the thresholds was further lowered 

by 15 dBZe in the lowest 5 range bins (lower than 960 m) than the 99th percentile of the clear-sky returns while higher than or 

equal to -26 dBZe (Marchand et al. 2008). For the CALIPSO cloud mask, any layer with a calculated cloud optical thickness 

larger than 0 and accumulated cloud optical thickness from TOA (Figure 1c) less than 5 above this layer was flagged as cloud. 15 

It should be noted that a more sophisticated detection scheme is used in the operational CALIPSO cloud mask product (Winker 

et al. 2009) and operational CloudSat cloud mask (Marchand et al. 2008), and results in this study should not be treated as the 

results from operational products. In the cloud mask with the CC, a layer was flagged as cloud if the layer was flagged as cloud 

by either sensor. The cloud mask on November 21, 1997 from CALIPSO, CloudSat, and CC are shown in Figure 3. In this 

study, we calculated and examined the vertical profiles of cloud fraction from CALIPSO, CloudSat, and CCat layers from 150 20 

m to 12 km. The mean cloud (ice cloud, liquid cloud, and mixed phase cloud) fraction at a vertical layer was calculated as the 

ratio of the number of profiles identified as cloud (ice cloud, liquid cloud, and mixed phase cloud) at this layer compared to 

the total number of profiles. 
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Figure 2: Typical (estimated) surface clutter profile adapted from Figure 7 in Marchand et al. (2008) and thresholds used (blue 

line) in this study to detect clouds for CloudSat. 
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Figure 3: Cloud mask vertical profile based on simulated CloudSat reflectivity and cloud optical thickness for CALIPSO on 

November 21, 1997 collected during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment.  

 

Two sets of cloud profiles were used as inputs to a radiative transfer model. One set was the complete cloud profiles from the 

surface observations, including cloud classification, cloud effective radius, and cloud water content, which is referred as 5 

surface cloud profile hereinafter. The other set was a subset of the cloud profiles including only those layers identified as 

clouds in the space-based radar, lidar, or combined lidar and radar cloud mask., which is referred as satellite cloud profile or 

CloudSat/CALIPSO/CC cloud profile respectively. Outputs of the model include downward and upward longwave and 

shortwave radiation, shortwave and longwave cloud radiation fluxes, and cloud radiative forcing (CRF) at the surface and 

TOA. CRF is defined as the difference between the all-sky and clear-sky net radiation fluxes at the surface or TOA, which 10 

measures a cloud’s impacts on the surface or TOA. Positive CRF at surface (TOA) indicates that the clouds warm the surface 

(earth-atmosphere system) relative to the clear skies, and negative CRF indicates that clouds cool the surface (earth-atmosphere 

system). The radiative transfer model is Streamer (Key and Schweiger 1998). Streamer can compute both radiance and 

irradiance under a wide variety of atmospheric and surface conditions (Liu et al. 2004, Loyer et al. 2021). A discrete ordinate 

solver is used to calculate the longwave and shortwave radiation fluxes. The surface type is selected as fresh snow, and the 15 

albedo is from a built-in spectral albedo model scaled by the surface broadband albedo from the surface observations. Albedo 

were computed for each hour during SHEBA by the Atmospheric Surface Flux Group (ASFG) radiometers (Intrieri et al. 

2002a, Persson et al. 2002) (Figure S3). The monthly mean surface broadband albedos are lowest in July during the SHEBA 

experiment (Table S1, Figure S3). The albedo for the cloud profile was set as the closest ASFG albedo. Streamer can simulate 

the radiation fluxes for up to 50 layers with cloud data. In this study, only layers from 150 m to 12.0 km are simulated. There 20 

are 125 layers from 150 m to 12.0 km in the retrieved cloud data sets, so that there are potential 125 layers with cloud data at 

maximum. Every layer with cloud data below 2.0 km was included in the Streamer input file, with cloud top height, cloud 

physical thickness, cloud effective radius, and cloud water content; for cloud layers above 2.0 km, these cloud parameters were 

calculated for every 5 layers, including cloud top height, cloud thickness, mean cloud effective radius and water content for 

water and ice clouds, respectively. Hexagonal solid column was chosen as the shape of the ice clouds, and sphere was chosen 25 

as the shape of liquid clouds. Though the ice cloud particle shape is different from that in QuickBeam, the ice cloud effective 

radius is the same as what used in the QuickBeam simulation. Temperature and moisture profiles come from the closest 

radiosonde, which were launched at least twice daily during the SHEBA experiment. The available cloud profiles have a 

temporal frequency of 1 minute. In this study, the radiation fluxes are computed and shown using profiles with 15-minute 

intervals (four out of 60 profiles), and there are 96 cases in a day except as otherwise stated. Daily means are computed based 30 

on the 96 values, and the monthly means are calculated based on the daily means.  

 

The uncertainties in the radiation fluxes due to the omission of clouds from the space-based radar, lidar, or combined radar 

and lidar were estimated as the difference between the radiation fluxes with partial and complete cloud profiles; all inputs of 
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the radiative transfer model were the same for these two fluxes except inclusion/exclusion of the cloud layers that the space-

based radar, lidar, or combined radar and lidar does not detect. The differences in these two fluxes can be used to quantify the 

impact of the space-based radar, lidar, or combined radar and lidar cloud detection limitations on the radiation fluxes at the 

surface and TOA. Rather than investigating all radiation fluxes, e.g. downward and upward longwave and shortwave radiation 

fluxes, this study focused on quantifying the uncertainties in the CRFs at the surface and TOA. In this paper hereinafter, the 5 

differences in the CRFs means the differences between CRFs from satellite cloud profiles (CloudSat, CALIPSO, CC) and the 

CRFs from surface cloud profiles. Positive differences indicate more warming effect, and negative differences indicate less 

warming effect or more cooling effect. The difference in the cloud amount hereinafter is the difference of cloud amount from 

CloudSat, CALIPSO, and CC compared to the cloud amount from the surface observations. The space-based radar, lidar, or 

combined radar and lidar are interchangeable with CloudSat, CALIPSO, or CC (combined CloudSat and CALIPSO). 10 

3 Results 

3.1 Cloud fraction vertical distributions 

Mean cloud vertical distributions from SHEBA’s surface observations show higher cloud amounts closer to the surface, mainly 

below 1 km (Figure 4, same as Figure 3b in Shupe et al. 2011). The high values near the surface show two maxima, one in 

August and September around at 80%, and another in April and May around 70%. Mean cloud amounts above 2 km show high 15 

values in April, September, and in July towards higher altitudes. Local minima appear between 1.5 and 4 km in January, 

February, June and July, and October.  

Figure 5 shows the cloud vertical distribution from CALIPSO, CloudSat, and CC and their differences with surface 

observations. Above 1 km, CloudSat detects most of the clouds identified via surface observations (Figure 5b), with most of 

the differences between 0.0% to -5.0% (Figure 5e). The exceptions are in April, when CloudSat shows much lower cloud 20 

amounts between 1 km and 8 km, with the differences between -5.0% to -8.0%. These negative differences are collocated with 

the higher amounts of ice clouds (Figure 6a), consistent with the fact that CloudSat has limited sensitivity to optically thin ice 

clouds (Stephens et al. 2002). CALIPSO also detects most of the clouds seen from surface sensors (Figure 5a), with most of 

the differences between 0.0% and -5.0%, except that CALIPSO detects much fewer clouds between 1 km and 4.5 km from 

June to September, with maximum negative differences in September. These large negative differences are collocated with the 25 

higher amount of liquid and mixed phase clouds between 1 km and 6 km from June to September (Figure 6d, 6g), which have 

high cloud optical thickness and saturate the CALIPSO signal for the clouds below. The CC detects all the clouds that surface 

observations show (Figure 5c, 5f), with differences between 0.0% and -1.0%, except for fewer clouds between 1 km and 2 km 

in August and September with differences between -8.0% and -3.0%. 

 30 
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Figure 4: Mean cloud vertical distribution from the surface observations from October 1997 to October 1998 during the Surface 

Heat Budget of the Arctic Ocean (SHEBA) experiment.  

 
Figure 5: Cloud vertical distributions from (a) CALIPSO, (b) CloudSat, (c) combined CloudSat and CALIPSO, and the 5 

difference between (d) CALIPSO, (e) CloudSat, and (f) combined CloudSat and CALIPSO and surface observations during 

the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment.  
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Below 1km, the CloudSat detects much fewer clouds than the surface observations because of surface clutter (Figure 5e). The 

percentage of clouds that CloudSat detects compared to the surface observations is 0% below 600 m for all months and 

gradually increases to around 75% near 1 km for most months, with similar results for ice, liquid, and mixed phase clouds for 

all months. CALIPSO detects some clouds under 1 km depending on the accumulated cloud optical thickness above. In winter, 5 

the most common cloud types are ice clouds, which have relatively small cloud optical thicknesses; thus, CALIPSO can detect 

some clouds near the surface, e.g. around 80% in December and January and around 60% in other winter months. While in 

summer, the liquid and mixed phase clouds at higher levels often have high optical thicknesses and saturate the CALIPSO 

signal above 1 km, thus CALIPSO detects limited clouds near the surface, e.g. around 30% in September and 40% in other 

summer months. The CC approach takes advantage of the detection capability of both CloudSat and CALIPSO. However, 10 

because of the poor detection capability of CloudSat near the surface, especially below 600 m, the CC detects similar amounts 

of clouds as that of CALIPSO alone, especially below 600 m.  

 
Figure 6: Cloud vertical distribution from surface observations for (a) ice (d) liquid (g) mixed phase cloud, from combined 

CloudSat and CALIPSO for (b) ice (e) liquid (h) mixed phase cloud, and their differences for (c) ice (f) liquid (i) mixed phase 15 

cloud during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment. 
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The annual mean cloud amount vertical profiles (Figure 7, Table S2) show similar features for cloud detection capabilities 

from CloudSat, CALIPSO, and CC as those illuminated in the time-height cloud amount distributions (Figure 5, 6). Below 

600 m, the CloudSat cloud amount is 0.0%, so the CC cloud detection capability comes from the CALIPSO, which detects 

roughly half of the clouds detected by the surface observations, 25% less in mean absolute values (Table S2). From 600 m to 

1 km, CloudSat’s detection capability increases, while CALIPSO sees slightly above 50% of all the clouds detected by surface 5 

observations, and the differences between the CC cloud amount and those from surface observations drop from -16.2% to -

2.7%, roughly 9% less in mean absolute values. From 1 km to 2 km, the CALIPSO and CloudSat detection capabilities continue 

to improve, and their combination detects almost all the clouds seen in surface observations with differences between -2.7% 

and -1.3%. Above 2 km, the CloudSat has slightly lower cloud amounts than that from the surface due to thin ice clouds that 

remain undetected, while CALIPSO’s detection capability increases because of the smaller accumulated cloud optical 10 

thickness above. As the result, the CC detects most of the clouds that surface observation sees above 2 km, and majority of the 

clouds above 1 km.  
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Figure 7: Mean cloud amount vertical distributions from surface observations, simulated CloudSat, CALIPSO, and CC during 

the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment. 

 

Ice clouds have a similar time-height distribution as that of all clouds (Figure 6a). High cloud amounts in April and December 

appear above 1 km; while not all of them can be detected by CloudSat, these clouds can be detected by CALIPSO due to the 5 

low cloud optical thickness above. The CC detects most of the clouds that surface observations see except below 1 km (Figure 

6b, 6c). Liquid clouds are most common in the lowest 1 km, mainly from April to September; they also appear in higher 

altitudes from June to September, e.g. around 9% at 2750 m in September (Figure 6d). The CC detects most liquid clouds 

above 1 km, with the differences from the surface observations less than 1.0% in most months. The major negative differences 

are below 1 km from March to October (Figure 6e, 6f). The mixed phase clouds are most common in the lowest 1 km, mainly 10 

in August and September, but also appearing in higher altitudes from June to September (Figure 6g). The CC detects most 

mixed phase clouds above 1 km, with the differences from surface observations less than 0.5% in all months. The major 

negative differences are below 600 km from May to October (Figure 6h, 6i). These features are reflected in the mean cloud 

amount vertical profiles for ice clouds, liquid clouds, and mixed phase clouds, respectively (Figure 8, Table S3).  

 15 

 
Figure 8: Mean cloud amount vertical distributions from surface observations and from simulated CloudSat, CALIPSO, and 

combined CloudSat and CALIPSO for (a) ice (b) liquid and (c) mixed phase cloud during the Surface Heat Budget of the 

Arctic Ocean (SHEBA) experiment. 

 20 

The mean cloud vertical profiles for all, ice, liquid, and mixed phase clouds in the winter months (November to March, Figure 

S4a-d) and the summer months (May to September, Figure S4e-h) show similar features as those for all months (Figure 7, 8). 

Mean overall cloud amounts in the summer months have higher values at all levels, especially below 1 km mainly due to 

higher cloud liquid and mixed phase clouds. The CloudSat mean cloud amounts above 1 km are smaller than those from the 



14 
 

surface observations with relatively constant differences between 3.0-4.0% due to not detecting thin ice clouds. The differences 

between CALIPSO and the surface cloud amount increase with decreasing altitude due to the increasing accumulated cloud 

optical thickness. The CC detects most of the clouds that surface observations see above 1 km, but much fewer below 1 km 

mainly due to the surface clutter effect of CloudSat and limited CALIPSO detection capability below 1 km. Because of more 

liquid clouds, mixed phase clouds, and even ice clouds in higher altitudes and the associated higher accumulated cloud optical 5 

thickness above 1 km in the summer months than in the winter months, the differences in cloud amount between the CC and 

the surface observations are larger in summer months than in winter months. 

3.2 Uncertainty in Cloud Radiative Forcing due to cloud detection limitations near the surface 

3.2.1 Surface 

During the SHEBA experiment, CRFs, computed with complete cloud profiles, are positive most of the year, except around 10 

40 days centered on Julian day 560 starting from January 1, 1997 (Figure 9). This is mostly due to the lack of sunlight during 

winter months leading to the LW heating being the dominant term. As a result, the monthly mean CRFs are positive in all 

months expect in July (Figure S5, Table 1). This result suggests that clouds warm the surface for most of the year except a 

short time in July over the Arctic Ocean, which is consistent with the conclusions of previous studies (Intrieri et al. 2002a, 

Shupe and Intrieri 2004). There are two major components of the CRF, longwave and shortwave CRFs. The longwave CRFs 15 

are positive all year with the maximum in September and the minimum in February. The shortwave CRFs are zero from 

October to February due to little incoming shortwave radiation, and are negative in other months. The maximum negative 

values of the shortwave CRF are in July 1998 (Figure S5, Table 1), which can be attributed to the combination of the near 

maximum accumulated TOA incoming shortwave radiation flux and the minimum surface albedo in July during the SHEBA 

experiment (Letterly et al. 2018, Shupe and Intrieri 2004).  20 

§ Table 1: Monthly mean cloud radiative forcing (CRF) at the surface for longwave (LW), shortwave (SW), and the 

combined LW and SW (all) with the clouds from the surface observations collected during the Surface Heat Budget 

of the Arctic Ocean (SHEBA) experiment and the differences between the CRF with clouds in the surface 

observations only identified from combined CloudSat and CALIPSO, CALIPSO, or CloudSat and the CRF from the 

clouds from the surface observations. 25 

 All clouds from surface 

observations 

(CloudSat+CALIPSO)-

clouds from surface 

CALIPSO-clouds from 

surface 

CloudSat-clouds from 

surface 

 LW SW all LW SW all LW SW all LW SW all 

Oct 32.1 -0.1 32.0 -1.0 0.0 -1.0 -2.1 0.0 -2.1 -14.5 0.1 -14.4 

Nov 34.0 0.0 34.0 -0.1 0.0 -0.1 -2.2 0.0 -2.2 -8.9 0.0 -8.9 

Dec 20.5 0.0 20.5 0.1 0.0 0.1 -0.3 0.0 -0.3 -3.0 0.0 -3.0 

Jan 21.8 0.0 21.8 0.3 0.0 0.3 0.2 0.0 0.2 -9.1 0.0 -9.1 
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Feb 20.2 -0.2 19.9 0.4 0.0 0.4 -0.1 0.0 -0.1 -2.9 0.0 -2.9 

Mar 34.8 -4.3 30.5 -0.1 0.2 0.2 -2.4 0.5 -1.8 -8.5 1.2 -7.2 

Aprl 42.7 -12.7 20.0 -0.8 0.6 -0.2 -3.0 1.5 -1.5 -15.8 4.8 -11.0 

May 43.9 -22.6 21.4 -3.1 2.9 -0.2 -5.0 4.4 -0.6 -22.6 11.7 -11.1 

Jun 45.0 -34.5 10.5 -2.6 3.2 0.6 -8.9 10.0 0.7 -17.2 11.5 -5.8 

Jul 44.0 -61.0 -16.9 -3.0 5.5 2.4 -8.8 17.3 8.5 -15.8 18.8 3.0 

Aug 59.8 -33.4 26.4 -3.4 3.9 0.5 -10.5 9.2 -1.4 -21.1 12.7 -8.4 

Sept 63.0 -8.2 54.9 -2.9 0.4 -2.5 -15.6 2.7 -13.0 -15.4 1.8 -13.6 
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Figure 9: (a) Cloud radiative forcing (CRF) with a 20-day running average of daily means at the surface for longwave (LW) 

and shortwave (SW) with clouds from surface observations collected during the Surface Heat Budget of the Arctic Ocean 

(SHEBA) experiment and (b) CRF differences with clouds identified by the combined CloudSat and CALIPSO (cc) and all 

clouds from surface observations.  5 

 

CRFs computed with cloud profiles identified by the CC cloud mask show a very similar annual cycle and values to those 

using complete cloud profiles (Figure 9, Table 1). Their absolute differences are less than 3 Wm-2 for all months, with a 

maximum of 2.5 Wm-2 in September and 2.4 Wm-2 in July. The differences in their longwave CRFs are mostly near zero in 
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the winter months, with larger negative values from May to September (Figure S5, Table 1). The differences in their shortwave 

CRF are positive and larger in the summer months, but zero in the winter months. The cancellation of the shortwave and 

longwave CRF differences in the summer months and both differences being near zero in the winter months lead to smaller 

CRF differences.  

Though the differences in monthly mean CRFs are small, large ranges in both the longwave and the shortwave CRFs exist in 5 

individual values, calculated using the individual 1-min-interpolated profiles (Figure 10). The longwave CRFs at the surface 

in the winter months, November to March, mostly (81.5%) have absolute differences within 1 Wm-2, with limited cases outside 

that range (Figure 10b); the same conclusion holds for clouds being ice, liquid or mixed phase clouds. Please note that cases 

with absolute differences less than 1 Wm-2 are the majority while excluded in the histogram in Figure 10. In the summer 

months, the differences in the longwave CRFs at the surface show mostly negative values, as large as -30 Wm-2 (Figure 10). 10 

These differences are more negative if liquid or mixed phase clouds are not detected near the surface. The differences in the 

shortwave CRFs are all positive, as large as 30 Wm-2, in the summer months (Figure 11a), and are small (large) if ice (liquid, 

or mixed phase) clouds are not detected near surface (Figure 11b, 11c, 11d). 

 
Figure 10: Histogram of longwave cloud radiative forcing at the surface between using clouds identified by combined CloudSat 15 

and CALIPSO and using clouds from surface observations during the Surface Heat Budget of the Arctic Ocean (SHEBA) 

experiment for (a) January to December, (b) November to March, and (c) May to September. Ratios of cases with absolute 

differences less than 1 Wm-2 to all cases are 69.1%, 81.5%, and 59.7% for (a), (b) and (c) while excluded in the histogram. 
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Figure 11: Histogram of shortwave cloud radiative forcing at surface between using clouds identified by combined CloudSat 

and CALIPSO and clouds from surface observations during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment 

for (a) all clouds, (b) ice clouds, (c) liquid clouds and (d) mixed phase clouds. Ratios of cases with absolute differences less 

than 1 Wm-2 to all cases are 40.5%, 91.3%, 18.4%, and 39.6% for (a), (b), (c) and (d) while excluded in the histogram. 5 

 

When the cloud profiles determined from only the CloudSat cloud mask are used, the differences in the CRFs are much larger 

than the differences using the cloud profiles determined from the CC (Table 1), e.g. -14.4 Wm-2 in October and -13.6 Wm-2 in 

September. The differences in the longwave and shortwave CRFs are even larger, which cancel each other somewhat for 

smaller CRFs. When the cloud profiles determined from only the CALIPSO cloud mask are available, the differences in the 10 

CRFs are smaller than the differences with cloud profiles from only the CloudSat and larger than the differences with the CC. 

For example, the differences are 8.5 Wm-2 in July and -13.0 Wm-2 in September. The differences in the longwave CRFs have 

large negative values and the differences in shortwave CRFs have large positive values, which cancel each other for smaller 

CRFs (Table 1).  

The longwave CRF differences at the surface are close to zero in the winter months, and tend more towards large negative 15 

values in the summer months especially with liquid and mixed phase clouds near the surface (Figure 10). In the summer 
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months, the longwave CRF differences become larger negative with the increasing cloud optical thickness below 1 km and 

those clouds not being detected by the CC (Figure 12). In the winter months, temperature inversions are relatively weaker 

under cloudy conditions (Figure 13a), the cloud effective temperature is close to the surface temperature in a well-mixed 

boundary layer (Tjernström and Graversen 2009). Removal of some of these lower-level clouds would not likely greatly change 

the downward longwave radiation at the surface as long as there are clouds with similar effective temperature on top of these 5 

undetected clouds, which leads to the small longwave CRF differences in the winter months. While in the summer months, the 

temperature inversions are not as common; thus the clouds in the lowest 1 km often have temperatures lower than the surface, 

with even lower cloud temperatures above 1km (Figure 13b). Removal of more clouds near the surface would lead to less 

downward longwave radiation, thus smaller longwave CRFs, and larger negative differences. 

The SW CRF differences at the surface are positive in the summer months especially when omitting liquid and mixed phase 10 

clouds near the surface (Figure 11). Larger positive SW CRF differences are associated with increasing optical thickness of 

those clouds below 1 km and not detected by the CC (Figure 14). In the summer months, especially in June, July, and August, 

the surface albedo decreases due to the melt ponds and more open water; the surface absorbs more shortwave radiation without 

clouds above. Clouds especially those that are liquid and mixed phase are brighter than the surface and reflect more shortwave 

radiation back to space, thus leading to smaller downward shortwave radiation at the surface and larger negative shortwave 15 

CRFs. Removal of more clouds near the surface would lead to larger downward shortwave radiation, smaller negative 

shortwave CRFs, and larger positive differences. 
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Figure 12: Scattering plots of longwave cloud radiative forcing at the surface between using clouds identified by combined 

CloudSat and CALIPSO and clouds from surface observations and cloud optical thickness for (a) all clouds, (b) ice clouds, (c) 

liquid clouds, and (d) mixed phase clouds below 1 km from May to September during the Surface Heat Budget of the Arctic 

Ocean (SHEBA) experiment.  5 
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 Figure 13: Temperature and relative humidity profiles on (a) November 21, 1997 and on (b) July 30, 1998 over the Arctic 

Ocean during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment. 

 
Figure 14: Scattering plots of shortwave cloud radiative forcing at the surface between using clouds from surface observations 5 

and clouds identified by combined CloudSat and CALIPSO and cloud optical thickness of omitted (a) all clouds, (b) ice clouds, 
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(c) liquid clouds, and (d) mixed phase clouds below 1 km during the Surface Heat Budget of the Arctic Ocean (SHEBA) 

experiment.  

3.2.2 Top of atmosphere (TOA) 

CRFs at TOA are negative from April to August, and positive from September to March during the SHEBA experiment (Figure 

15, Table 2, Figure S6). The absolute of the negative values is much larger than the absolute of the positive values. This 5 

suggests the clouds cool the Arctic Ocean in the summer months, except September, and slightly warm the Earth in the winter 

months, with an overall impact of cooling the Arctic Ocean. The clouds in the summer months reflect more shortwave radiation 

back to space than surface especially in July when the surface albedo is low due to melt ponds and more open water, such that 

the shortwave CRFs at TOA are all negative in the summer months. On the other side, the longwave CRFs at TOA are positive 

in all months. This is possibly due to colder effective cloud top temperature than the effective emitting temperature from the 10 

combined atmosphere and surface, even in the winter months when surface temperature inversions are common. The shortwave 

and longwave CRFs somewhat cancel each other in most months.  

§ Table 2: Monthly mean cloud radiative forcing (CRF) at the top of atmosphere for longwave (LW), shortwave (SW), 

and the combined LW and SW (all) with the clouds from the surface observations collected during the Surface Heat 

Budget of the Arctic Ocean (SHEBA) experiment and the differences between the CRF with clouds in the surface 15 

observations only identified from combined CloudSat and CALIPSO, CALIPSO, or CloudSat and the CRF from the 

clouds from the surface observations. 

 All clouds from surface 

observations 

(CloudSat+CALIPSO)-

clouds from surface 

CALIPSO-clouds from 

surface 

CloudSat-clouds from 

surface 

 LW SW all LW SW all LW SW all LW SW all 

Oct 3.2 -0.2 2.9 0.0 0.0 0.0 -0.1 0.0 -0.1 0.0 0.0 0.1 

Nov 5.5 0.0 5.5 0.0 0.0 0.0 -0.0 0.0 -0.0 0.3 0.0 0.3 

Dec 1.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.2 

Jan 1.6 0.0 1.6 00 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.6 

Feb 1.9 -0.3 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.3 

Mar 4.8 -4.3 0.5 -0.1 0.2 0.1 -0.1 0.3 0.1 -0.4 0.8 0.4 

Aprl 5.5 -9.7 -4.2 -0.1 0.3 0.2 -0.2 0.8 0.6 -0.2 3.0 2.7 

May 10.4 -16.9 -6.6 -0.3 1.4 1.1 -0.5 2.4 1.9 -1.9 7.2 5.3 

Jun 16.6 -29.8 -13.2 -0.3 1.7 1.4 -1.4 6.6 5.3 -1.5 7.5 6.0 

Jul 20.6 -59.6 -39.0 -0.7 4.1 3.4 -1.5 14.8 13.4 -1.2 15.1 13.9 

Aug 15.7 -30.7 -15.0 -0.2 2.5 2.4 -1.0 6.6 5.7 -0.9 9.4 8.5 

Sept 18.7 -8.4 10.4 -0.1 0.2 0.1 -2.1 1.9 -0.2 -0.3 1.2 0.9 
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Figure 15: (a) Cloud radiative forcing (CRF) with a 20-day running average of daily means at the top of atmosphere (TOA) 

for longwave (LW) and shortwave (SW) with clouds from surface observations collected during the Surface Heat Budget of 

the Arctic Ocean (SHEBA) experiment, and (b) CRF differences with clouds identified by the combined CloudSat and 5 

CALIPSO (cc) and all clouds from surface observations. 

 

For the impact of cloud detection limitation near the surface by the CC, the CRF differences are positive in all months, with 

the maximum monthly mean difference at 3.4 Wm-2 in July. The differences in the longwave CRFs are near zero in all months, 
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with the maximum magnitude in July at -0.7 Wm-2,which indicate that the contribution of clouds not detected near the surface 

are insignificant to the LW radiation at TOA. The differences in the shortwave CRFs are all positive with larger values than 

the longwave CRF differences, with the maximum magnitude in July at 4.1 Wm-2. The CRFs are determined by the shortwave 

CRFs because of the much smaller longwave CRFs. The differences in shortwave CRFs are all positive and in the summer 

months (Figure 16a), and these differences are larger if liquid, or mixed phase, clouds are not detected near the surface (Figure 5 

16b, 16c). Few cases exist when only ice clouds are not detected near the surface. 

When cloud profiles from only the CloudSat cloud mask are available, the differences in the CRFs from CloudSat become 

much larger than the differences using the CC (Table 2), e.g. 13.9 Wm-2 in July for only CloudSat compared to 3.4 Wm-2 in 

July for the CC. When cloud profiles from only the CALIPSO cloud mask are available, the differences in CRFs from 

CALIPSO are smaller than those from only CloudSat and larger than those from the CC, e.g. 13.4 Wm-2 for CALIPSO in July. 10 

For both, the differences in the longwave CRFs are not affected much, while the differences in the shortwave CRFs become 

large positive values. These changes in the shortwave CRFs determine the CRFs changes (Table 2). 

 
 

Figure 16: Histogram of shortwave cloud radiative forcing at the top of atmosphere (TOA) between using clouds from surface 15 

observations and clouds identified by combined CloudSat and CALIPSO for (a) all clouds, (b) liquid clouds and (c) mixed 

phase clouds during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment.  



25 
 

 
Figure 17: Scattering plots of shortwave cloud radiative forcing at the top of atmosphere (TOA) between using clouds from 

surface observations and clouds identified by combined CloudSat and CALIPSO and cloud optical thickness of omitted (a) all 

clouds, (b) ice clouds, (c) liquid clouds, and (d) mixed phase clouds below 1 km during the Surface Heat Budget of the Arctic 

Ocean (SHEBA) experiment.  5 

 

The cloud detection limitations near the surface by the CC does not affect the longwave CRFs at TOA, but leads to positive 

shortwave CRF differences at TOA (Figure 16). These positive differences are larger with increasing optical thickness of those 

clouds below 1 km and not detected by the CC (Figure 17). In the summer months, the surface albedo decreases, which means 

the surface reflects less shortwave radiation in clear sky conditions. Clouds, especially those that are liquid and mixed phase 10 

near the surface, help brighten the clouds so that they reflect more shortwave back to space, which leads to larger upward 

shortwave radiation at the TOA and negative shortwave CRFs. Removal of clouds near the surface would reduce the brightness 

of the cloud, resulting in smaller upward shortwave radiation at TOA, smaller negative shortwave CRFs, thus positive 

differences. 

3.3 Uncertainty in the results 15 

The CloudSat and CALIPSO cloud masks are based on the simulated radar reflectivity and cloud optical thickness using the 

retrieved cloud properties from the surface-based combined radar and lidar observations during the SHEBA experiment. For 

CloudSat, a vertical profile of fixed thresholds is applied to identify the CloudSat cloud mask, and a layer with radar reflectivity 
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higher than the threshold at that layer is identified as cloud; for CALIPSO, a layer with cloud optical thickness larger than 0 

and an accumulated cloud optical thickness from TOA to the layer above this layer less than a fixed threshold, i.e. 5, is 

identified as cloud. There are also uncertainties in the cloud property retrievals. In addition, the surface-based radar and lidar 

observations are usually reasonable only at heights greater than 100 -150 m above ground (Griesche et al. 2021, Hu et al. 

2021). However, these profiles of cloud properties serve as a reasonable data set of possible Arctic cloud scenarios covering a 5 

whole year, which serve as a reasonable data set to conduct this study. Retrieval uncertainties in these cloud properties do not 

affect the main conclusion of this study. 

Radiative flux computations shown above are based on profiles with 15-minute intervals. Calculations were also made using 

profiles with 1-hour intervals (1 out of 60 profiles) to produce the daily means and monthly means. All the conclusions are the 

same, with the maximum differences in the CRFs at the surface less than 0.6 Wm-2 and even less for those at the TOA from 10 

the monthly means from the profiles with 15-minute intervals and 1-hour intervals (Table S4). This demonstrates that 

computations using profiles with 15-minute intervals may be sufficient to describe the cloud detection limitations on the 

radiative flux estimations. 

There are a few factors leading to uncertainties in the CloudSat and CALIPSO cloud masks, and consequently the derived 

cloud amounts and computed radiation fluxes based on these masks. These factors include the accuracy of the simulated radar 15 

reflectivity and the cloud optical thickness, and the cloud detection methods for CloudSat and CALIPSO. It is challenging to 

evaluate these uncertainties because of the lack of truth data, e.g. scarcity of the collocated cloud observations from in situ 

cloud measurements and surface-based and space-based radar-lidar cloud observations. Many studies have shown the 

capability of QuickBeam to simulate CloudSat reflectivity (Bodas-Salcedo et al. 2011, Zhang et al. 2018). Even though, there 

was no CloudSat data in 1997 and 1998 to validate the simulated CloudSat reflectivity, there were surface-based MMCR 20 

observations at 35 GHz. Instead of validating simulated CloudSat reflectivity, we compared the surface-based MMCR 

observations to the simulated radar reflectivity at 35 GHz at the surface. Their differences reflect the combined uncertainties 

in the cloud property retrievals and the QuickBeam simulations. Such a case is shown in Figure S7. Results show small 

differences for ice cloud reflectivity and relatively large differences for liquid cloud reflectivity. Further tests show the large 

differences for liquid cloud became smaller when smaller liquid cloud effective radius was used in the simulation. This might 25 

indicate there are higher uncertainties in the liquid cloud effective radius retrievals for this specific case. 

The CALIPSO cloud detection capability depends on the threshold of the accumulated cloud optical thickness, and different 

thresholds have been applied in previous research (Hu et al. 2007). A cloud optical thickness threshold of 5 is used in this 

study. Different thresholds, e.g. 4 and 6, are applied to estimate the CALIPSO cloud detection sensitivity to this threshold. The 

mean cloud amount vertical profiles with thresholds of 4, 5, and 6 are presented in Figure 18 for all clouds, ice clouds, liquid 30 

clouds, and mixed phase clouds. With a smaller (larger) threshold, the CALIPSO cloud amounts are smaller (larger) because 

the CALIPSO detects fewer (more) clouds at the lower levels. The cloud amount differences are -3.0% (3.0%) at 149.5 m, -

1.7% (1.7%) at 1050 m, and around 0% at 6050 m for all clouds, -2.0 % (2.0%) at 149.5 m, 1.0% (-1.0%) at 1050 m, and 

around 0% at 6050 m for ice clouds, and -0.5% (0.5%) at 149.5 m and 1050 m, and around 0% at 4050 m for liquid and mixed 
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phase clouds. The impacts of the CALIPSO threshold changes on the monthly CRFs at the surface and the TOA are also 

investigated. Results show with increasing CALIPSO cloud detection capability, e.g. increasing thresholds, the LW (SW, total) 

monthly CRFs differences become smaller negative (positive, overall) (Table S5). Lidar with stronger cloud detection 

capability are desirable for better radiative flux estimations at the surface and the TOA. 

 5 
Figure 18: CALIPSO cloud amount vertical profile with three optical thickness thresholds of 4, 5, and 6 for (a) all, (b) ice, (c) 

liquid and (d) mixed phase clouds. 

Moved down [1]: It should be noted that a more sophisticated 
detection scheme is used in the operational CALIPSO cloud mask 
product (Winker et al. 2009), and results in this study should not be 10 
treated as the results from operational products. 
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Figure 19: CloudSat cloud amount vertical profile with different vertical detection thresholds for (a) all, (b) ice, (c) liquid and 

(d) mixed phase clouds. 

 

In a similar way, the CloudSat cloud detection capability depends on the fixed vertical thresholds selected. Smaller or larger 5 

thresholds at each layer affect the cloud amount of that layer with the simulated radar reflectivity. Because the focus of this 

study is on the lower altitudes where the surface clutter impact is strongest, thresholds are changed in the lowest 5 CloudSat 

range bins (lowest 960 m) to test the sensitivity. The thresholds are set at -10 dBZe, -15 dBZe, and -20 dBZe lower than the 

mean radar-measured noise power (the 99th percentile of the clear-sky returns) while larger than -26 dBZe. The differences in 

the derived cloud amount are between 550 m and 960 m, with the cloud amounts all 0.0% below 550 m (Figure 19). For the 10 

cloud amount, compared to the results with the threshold of -15 dBZe lower than the mean radar-measured noise power, the 

differences are -1.5% (3.5%) with offsets of -10 dBZe (-20 dBZe) at 653.5 m, -5.0% (5.0%) from 716.5 m to 905.5 m, and 

around 0.0% at 968.5 m. In this study, the CloudSat cloud detection threshold was further lowered by 15 dBZe in the lowest 

5 range bins (lower than 960 m) than the 99th percentile of the clear-sky returns while higher than or equal to -26 dBZe as 

indicated in Marchand et al. (2008). Without this adjustment, the CloudSat would detect less cloud between 550 m and 960 m, 15 

which might lead to even larger radiative flux bias. The detection method in this study is simplified and should not be used as 

Moved (insertion) [1]
Deleted: It should be noted that a more sophisticated detection 
scheme is used in the operational CALIPSO cloud mask product 
(Winker et al. 2009), and results in this study should not be treated 
as the results from operational products. It should be noted that a 20 
much more sophisticated detection scheme including a few filter 
schemes is used in the operational CloudSat cloud mask product 
(Marchand et al. 2008). 
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the results based on operational products. The impacts of the CloudSat threshold changes on the monthly CRFs at the surface 

and the TOA show that the LW (SW, all) monthly CRFs differences are smaller negative (positive, overall) (Table S6). Radar 

more sensitive to the clouds near surface would help to produce more accurate radiative flux at the surface and the TOA. Also, 

Combination of stronger lidar and more sensitive radar in the cloud detections produces smaller negative (positive, overall) 

bias for LW (SW, all) monthly CRFs differences (Table s7). It should be noted that a more sophisticated detection scheme is 5 

used in the operational CALIPSO cloud mask product (Winker et al. 2009) and in the operational CloudSat cloud mask product 

(Marchand et al. 2008), and results in this study should not be treated as the results from operational products. 

The SHEBA data have been invaluable in studying the Arctic climate system. They were collected in a limited area at a certain 

time in a year, thus they may have limitations in representing the whole Arctic Ocean in a longer time scale. This is indicated 

by the shorter time period of negative CRF shown in this study than the results by Kay and L’Ecuyer (2013). Among all 10 

possible causes, the surface albedo data during SHEBA may represent the sea ice more than larger area with open water. 

Results of this study therefor are subject to uncertainties due to the spatial and temporal limitations of the data.  

The study focuses on the impacts of active satellite sensors’ low-level cloud detection limitations on cloud radiative forcing, 

so vertical profiles including snow, drizzle, liquid cloud+drizzle, rain, haze, or uncertain retrievals were excluded in calculating 

the CRFs. There are over 30,000 profiles in every month from October 1997 to September 1998, except that the total profile 15 

numbers are around 15,800 in October, which includes October 1997 and October 1998. Of all the profiles in each month, the 

profiles including any of the 6 conditions, i.e. snow, drizzle, liquid cloud+drizzle, rain, haze, or uncertain retrievals, account 

for 11.6%, 17.0%, 7.3%, 9.0%, 7.3%, 10.5%, 9.1%, 4.9%, 10.1%, 22.3%, 20.8%, and 10.6% from October 1997 to September 

1998. Majority of the profiles, equal to or more than 77.7% in all the months, have been used in deriving the results in this 

study.   20 

4 Conclusions 

Low-level clouds are common in the Arctic. Space-based active lidar and radar with the best detection capability identify 25-

40% and 0-25% fewer clouds in absolute values below 0.5 km and between 0.5–1.0 km, respectively, than from surface-based 

observations over the land area in the Arctic. It is not clear if a similar detection limitation exists over the Arctic Ocean and 

how this limitation affects the radiation flux at the surface and TOA. Vertical profiles of cloud classification (cloud phase) and 25 

cloud microphysical property retrievals are available from the surface-based lidar and radar observations during the SHEBA 

experiment. The proxies of CloudSat and CALIPSO cloud masks are derived based on the simulated radar reflectivity and 

cloud optical thickness using the retrieved cloud properties. Cloud amounts from the CloudSat and CALIPSO cloud masks are 

compared to those from surface observations to assess the active satellite sensors’ low-level cloud detection limitations. Two 

sets of cloud profiles are then used to calculate the CRFs at the surface and TOA, one with the complete profiles from the 30 

surface observations and the other with only those cloud layers identified by CloudSat and CALIPSO. Differences in these 

two CRFs are used to quantify the impacts of the active satellite sensors’ low-level cloud detection limitations on the CRFs. 
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In our study, the differences/uncertainties in the CRFs mean the differences between the CRFs computed with only cloud 

layers identified as clouds by the CloudSat, CALIPSO, or the CC and those computed with the complete cloud profiles from 

the surface observations. The difference in the cloud amount is the difference between that from the CloudSat, CALIPSO, or 

the CC cloud mask and that from the surface observations. The primary conclusions are as follows:  

• Above 1 km, the CC detects almost all the clouds that surface observations show, except between -8.0% and -3.0% fewer 5 

clouds for the clouds between 1 km and 2 km in August and September. The CloudSat or CALIPSO alone detects most 

of the clouds that the surface observations show with 0% to -5% fewer clouds. Thin ice clouds between 1 km and 8 km in 

April and December are not detected by CloudSat, and CALIPSO detects much fewer clouds between 1 km and 4.5 km 

from June to September because of the relatively large amount of liquid and mixed phase clouds. Below 1km, CloudSat 

detects no clouds below 600 m for all months and the detection gradually increases to around 75% of the clouds the surface 10 

sees near 1 km. CALIPSO detects more than half of the clouds the surface sees in the winter months, and around 35% in 

other summer months. The ratios of the clouds detected from the CC to the cloud amount that surface sees are higher in 

the winter months than in the summer months, with the highest ratio in December at around 85% and the lowest ratio in 

September at around 30%. 

• For the annual mean cloud amount, the CC detects roughly half of all the clouds that the surface observations see below 15 

600 m, 25% fewer in absolute value. From 600 m to 1 km, the CC cloud amount is 9% less than that from the surface 

observations. The differences are -2.7% and -1.3% at 1 km and 2 km, respectively. The CC detects most of the clouds that 

the surface sees above 2 km. 

• The liquid and mixed phase clouds are most common in the lowest 1 km. The CC detects the majority of these clouds in 

the winter months because of the relatively smaller cloud optical thickness above, thus CALIPSO helps in detecting these 20 

clouds. While in the summer months, the CC detects a small portion of these clouds.  

• The monthly mean CRF uncertainties at the surface due to the cloud detection limitations are small, with a maximum 

absolute monthly mean value of 2.5 Wm-2 in September and 2.4 Wm-2 in July. In the summer months, the uncertainties in 

longwave CRFs and shortwave CRFs are large negative and large positive values respectively; they have different signs 

and cancel each other for small CRFs. In the winter months, the longwave CRF uncertainties at the surface are close to 25 

zero, and the shortwave CRFs are 0. In the summer months, the longwave CRF differences become larger negative values 

and shortwave CRF differences become larger positive values with the increasing optical thickness of those clouds below 

1 km and not detected by the CC. 

• The uncertainties in the CRFs at TOA are small, with maximum monthly mean values of 3.4 Wm-2 in July. The 

uncertainties in longwave CRFs are close to 0 Wm-2 in all months, and the uncertainties in shortwave CRFs determine the 30 

CRF uncertainties at TOA. Cloud detection limitation near the surface leads to positive shortwave CRF differences at 

TOA, and these positive differences are larger with increasing optical thickness for those clouds below 1 km and not 

detected by the CC. 
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• Clouds detected by only CALIPSO or CloudSat lead to larger CRF uncertainties with absolute monthly means larger than 

10.0 Wm-2 for CALIPSO and CloudSat in some months, with even larger shortwave and longwave CRF uncertainties at 

the surface. At TOA, clouds detected by only CALIPSO or CloudSat also lead to larger shortwave CRF and CRF 

uncertainties. The CRF uncertainties with only CloudSat are larger than those with only CALIPSO at both surface and 

TOA. 5 

• Though the monthly mean CRF uncertainties are small, large uncertainty ranges in both longwave and shortwave CRFs 

exist in individual cases up to 30.0 Wm-2. 

The findings of the space-based active sensors’ cloud detection limitations near the surface over the Arctic Ocean are consistent 

with previous findings over land in the Arctic. In this study, the approach is different in that we are using simulated CloudSat 

reflectivity and cloud optical thickness with retrieved cloud properties from surface radar/lidar observations during the SHEBA 10 

experiment, while previous studies used collocated CloudSat/CALIPSO and surface-based lidar/radar products of cloud mask 

and cloud properties. The findings in this study confirm that the combined CloudSat/CALIPSO detects a limited amount of 

clouds near the surface over different surface types. This result suggests that studies using combined CloudSat/CALIPSO 

cloud products over locations where low-level clouds are common need to consider the impacts of omitting them.  Low-level 

clouds are common over the Arctic Ocean and important for the surface radiation balance and sea ice growth/melting. A better 15 

approach to detect clouds near the surface from space-based radar and lidar is needed. 

The CC reduces the uncertainties in radiation fluxes at the surface and TOA. Uncertainties in the monthly mean radiation flux 

from the CC have maximum values of 2.5 Wm-2 and 3.4 Wm-2 at the surface and at the TOA, respectively, which may suggest 

that the monthly mean radiation fluxes from the CC may be suitable for climate studies. These uncertainties increase with 

larger cloud optical thickness under 1 km that is not identified by CC. With the recent increase in low-level clouds with more 20 

open water in the summer and autumn (Kay and Gettleman 2009, Liu et al. 2012b), these uncertainties may become larger.  

Larger uncertainties exist for individual cases, thus uncertainties in radiative fluxes from CC needs to be considered. Also, 

radiation fluxes computed/retrieved from only CALIPSO or only CloudSat lead to larger uncertainties. This result supports 

the combined use of CloudSat and CALIPSO data for cloud detection, cloud property retrievals, and radiation flux calculations. 

This also suggests that larger uncertainties need to be considered for radiation flux products from only CALIPSO or only 25 

CloudSat. Even with CC, large uncertainties in radiation flux are possible.  

In this study, we use simple methods to derive the CloudSat cloud mask, CALIPSO cloud mask, and their combined cloud 

mask. More sophisticated detection schemes are used in the operational CloudSat and CALIPSO cloud mask products. Results 

in this study need to be confirmed when collocated CloudSat and CALIPSO products with true cloud and radiation flux 

observations become available (Tjernström et al. 2014, Di Biagio et al. 2020, Blanchard et al. 2021). Also, results are drawn 30 

based on one year’s data during the SHEBA experiment. When more cloud data from surface observations are available from 

field campaigns, e.g. the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition (Shupe 

et al. 2022), this work needs to be revisited. 



32 
 

Acknowledgements 

This work is supported by the NOAA JPSS Program Office and GOES-R Series Program Office. The author thanks the NOAA 

Physical Sciences Laboratory (PSL) for providing all the SHEBA data sets in this study. The author thanks Dr. Matthew Shupe 

and his group for developing, retrieving, and sharing the cloud property data sets from SHEBA. This study would not be 

possible without the observations from SHEBA and retrieved products from Dr. Shupe’s group. The author thanks Dr. John 5 

Haynes for help with using QuickBeam. The author thanks Dr. Jeff Key for help with using Streamer and valuable discussions 

on this work. The author thanks two anonymous reviewers for their detailed review and constructive suggestions. The views, 

opinions, and findings contained in this report are those of the author(s) and should not be construed as an official National 

Oceanic and Atmospheric Administration or U.S. Government position, policy, or decision. 

References 10 

Arias, P.A., N. Bellouin, E. Coppola, R.G. Jones, G. Krinner, J. Marotzke, V. Naik, M.D. Palmer, G.-K. Plattner, J. Rogelj, 

M. Rojas, J. Sillmann, T. Storelvmo, P.W. Thorne, B. Trewin, K. Achuta Rao, B. Adhikary, R.P. Allan, K. Armour, G. Bala, 

R. Barimalala, S. Berger, J.G. Canadell, C. Cassou, A. Cherchi, W. Collins, W.D. Collins, S.L. Connors, S. Corti, F. Cruz, 

F.J. Dentener, C. Dereczynski, A. Di Luca, A. Diongue Niang, F.J. Doblas-Reyes, A. Dosio, H. Douville, F. Engelbrecht, 

V.  Eyring, E. Fischer, P. Forster, B. Fox-Kemper, J.S. Fuglestvedt, J.C. Fyfe, N.P. Gillett, L. Goldfarb, I. Gorodetskaya, 15 

J.M. Gutierrez, R. Hamdi, E. Hawkins, H.T. Hewitt, P. Hope, A.S. Islam, C. Jones, D.S. Kaufman, R.E. Kopp, Y. Kosaka, 

J.  Kossin, S.  Krakovska, J.-Y. Lee, J. Li, T. Mauritsen, T.K. Maycock, M. Meinshausen, S.-K. Min, P.M.S. Monteiro, 

T.  Ngo-Duc, F.  Otto, I. Pinto, A. Pirani, K. Raghavan, R. Ranasinghe, A.C. Ruane, L. Ruiz, J.-B. Sallée, B.H. Samset, 

S. Sathyendranath, S.I. Seneviratne, A.A. Sörensson, S. Szopa, I. Takayabu, A.-M. Tréguier, B. van den Hurk, R. Vautard, 

K. von Schuckmann, S. Zaehle, X. Zhang, and K. Zickfeld, 2021: Technical Summary. In Climate Change 2021: The 20 

Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, 

L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. 

Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 33−144. 

doi:10.1017/9781009157896.002. 25 

Blanchard, Y., Pelon, J., Cox, C. J., Delanoë, J., Eloranta, E. W. and Uttal, T.: Comparison of TOA and BOA LW Radiation 

Fluxes Inferred From Ground-Based Sensors, A-Train Satellite Observations and ERA Reanalyzes at the High Arctic Station 

Eureka Over the 2002–2020 Period, J. Geophys. Res. Atmos., 126(11), doi:10.1029/2020JD033615, 2021. 

Blanchard, Y., Pelon, J., Eloranta, E. W., Moran, K. P., Delanoë, J. and Sèze, G.: A Synergistic Analysis of Cloud Cover and 

Vertical Distribution from A-Train and Ground-Based Sensors over the High Arctic Station Eureka from 2006 to 2010, J. 30 

Appl. Meteorol. Climatol., 53(11), 2553–2570, doi:10.1175/JAMC-D-14-0021.1, 2014. 

Deleted: Arias, P.A., N. Bellouin, E. Coppola, R.G. Jones, G. 
Krinner, J. Marotzke, V. Naik, M.D. Palmer, G.-K. Plattner, J. 
Rogelj, M. Rojas, J. Sillmann, T. Storelvmo, P.W. Thorne, B. 
Trewin, K. Achuta Rao, B. Adhikary, R.P. Allan, K. Armour, G. 35 
Bala, R. Barimalala, S. Berger, J.G. Canadell, C. Cassou, A. 
Cherchi, W. Collins, W.D. Collins, S.L. Connors, S. Corti, F. Cruz, 
F.J. Dentener, C. Dereczynski, A. Di Luca, A. Diongue Niang, F.J. 
Doblas-Reyes, A. Dosio, H. Douville, F. Engelbrecht, V. Eyring, E. 
Fischer, P. Forster, B. Fox-Kemper, J.S. Fuglestvedt, J.C. Fyfe, N.P. 40 
Gillett, L. Goldfarb, I. Gorodetskaya, J.M. Gutierrez, R. Hamdi, E. 
Hawkins, H.T. Hewitt, P. Hope, A.S. Islam, C. Jones, D.S. 
Kaufman, R.E. Kopp, Y. Kosaka, J. Kossin, S. Krakovska, J.-Y. 
Lee, J. Li, T. Mauritsen, T.K. Maycock, M. Meinshausen, S.-K. 
Min, P.M.S. Monteiro, T. Ngo-Duc, F. Otto, I. Pinto, A. Pirani, K. 45 
Raghavan, R. Ranasinghe, A.C. Ruane, L. Ruiz, J.-B. Sallée, B.H. 
Samset, S. Sathyendranath, S.I. Seneviratne, A.A. Sörensson, S. 
Szopa, I. Takayabu, A.-M. Tréguier, B. van den Hurk, R. Vautard, 
K. von Schuckmann, S. Zaehle, X. Zhang, and K. Zickfeld, 2021: 
Technical Summary. In Climate Change 2021: The Physical Science 50 
Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change [Masson-
Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, 
N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, 
E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. 55 
Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press. In 
Press.

Formatted: German



33 
 

Bodas-Salcedo, A., Webb, M. J., Bony, S., Chepfer, H., Dufresne, J.-L., Klein, S. A., Zhang, Y., Marchand, R., Haynes, J. M., 

Pincus, R. and John, V. O.: COSP: Satellite simulation software for model assessment, Bull. Am. Meteorol. Soc., 92(8), 1023–

1043, doi:10.1175/2011BAMS2856.1, 2011. 

Boucher, O., and Coauthors: Clouds and aerosols. Climate Change 2013: The Physical Science Basis, T. F. Stocker et al., Eds., 

Cambridge University Press, 571–657, doi:10.1017/CBO9781107415324.016, 2013. 5 

Cesana, G., Kay, J. E., Chepfer, H., English, J. M. and Boer, G.: Ubiquitous low-level liquid-containing Arctic clouds: New 

observations and climate model constraints from CALIPSO-GOCCP, Geophys. Res. Lett., 39(20), 2012GL053385, 

doi:10.1029/2012GL053385, 2012. 

Christensen, M. W., Stephens, G. L. and Lebsock, M. D.: Exposing biases in retrieved low cloud properties from CloudSat: A 

guide for evaluating observations and climate data, J. Geophys. Res. Atmos., 118(21), 12,120-12,131, 10 

doi:10.1002/2013JD020224, 2013. 

Devasthale, A., Tjernström, M., Karlsson, K.-G., Thomas, M. A., Jones, C., Sedlar, J. and Omar, A. H.: The vertical distribution 

of thin features over the Arctic analysed from CALIPSO observations, Tellus B Chem. Phys. Meteorol., 63(1), 77–85, 

doi:10.1111/j.1600-0889.2010.00516.x, 2011. 

Di Biagio, C., Pelon, J., Blanchard, Y., Loyer, L., Hudson, S. R., Walden, V. P., Raut, J. -C., Kato, S., Mariage, V. and 15 

Granskog, M. A.: Toward a Better Surface Radiation Budget Analysis Over Sea Ice in the High Arctic Ocean: A Comparative 

Study Between Satellite, Reanalysis, and local-scale Observations, J. Geophys. Res. Atmos., 126(4), 

doi:10.1029/2020JD032555, 2021. 

Dong, X., Ackerman, T. P. and Clothiaux, E. E.: Parameterizations of the microphysical and shortwave radiative properties of 

boundary layer stratus from ground-based measurements, J. Geophys. Res. Atmos., 103(D24), 31681–31693, 20 

doi:10.1029/1998JD200047, 1998. 

Dong, X., Xi, B., Crosby, K., Long, C. N., Stone, R. S. and Shupe, M. D.: A 10 year climatology of Arctic cloud fraction and 

radiative forcing at Barrow, Alaska, J. Geophys. Res., 115(D17), D17212, doi:10.1029/2009JD013489, 2010. 

Ebert, E. E. and Curry, J. A.: A parameterization of ice cloud optical properties for climate models, J. Geophys. Res., 97(D4), 

3831, doi:10.1029/91JD02472, 1992. 25 

Griesche, H. J., Ohneiser, K., Seifert, P., Radenz, M., Engelmann, R. and Ansmann, A.: Contrasting ice formation in Arctic 

clouds: surface-coupled vs. surface-decoupled clouds, Atmos. Chem. Phys., 21(13), 10357–10374, doi:10.5194/acp-21-10357-

2021, 2021. 

Haynes, J.M.: QuickBeam radar simulation software user’s guide v 1.1 a, Fort Collins., 2007. 

Haynes, J. M., Marchand, R. T., Luo, Z., Bodas-Salcedo, A. and Stephens, G. L.: A Multipurpose Radar Simulation Package: 30 

QuickBeam, Bull. Am. Meteorol. Soc., 88(11), 1723–1728, doi:10.1175/BAMS-88-11-1723, 2007. 

Henderson, D. S., L’Ecuyer, T., Stephens, G., Partain, P. and Sekiguchi, M.: A Multisensor Perspective on the Radiative 

Impacts of Clouds and Aerosols, J. Appl. Meteorol. Climatol., 52(4), 853–871, doi:10.1175/JAMC-D-12-025.1, 2013. 



34 
 

Hu, X., Ge, J., Du, J., Li, Q., Huang, J. and Fu, Q.: A robust low-level cloud and clutter discrimination method for ground-

based millimeter-wavelength cloud radar, Atmos. Meas. Tech., 14(2), 1743–1759, doi:10.5194/amt-14-1743-2021, 2021. 

Hu, Y., Vaughan, M., McClain, C., Behrenfeld, M., Maring, H., Anderson, D., Sun-Mack, S., Flittner, D., Huang, J., Wielicki, 

B., Minnis, P., Weimer, C., Trepte, C. and Kuehn, R.: Global statistics of liquid water content and effective number 

concentration of water clouds over ocean derived from combined CALIPSO and MODIS measurements, Atmos. Chem. Phys., 5 

7(12), 3353–3359, doi:10.5194/acp-7-3353-2007, 2007. 

Huang, Y., Siems, S. T., Manton, M. J., Hande, L. B. and Haynes, J. M.: The Structure of Low-Altitude Clouds over the 

Southern Ocean as Seen by CloudSat, J. Clim., 25(7), 2535–2546, doi:10.1175/JCLI-D-11-00131.1, 2012. 

Hunt, W. H., Winker, D. M., Vaughan, M. A., Powell, K. A., Lucker, P. L. and Weimer, C.: CALIPSO Lidar Description and 

Performance Assessment, J. Atmos. Ocean. Technol., 26(7), 1214–1228, doi:10.1175/2009JTECHA1223.1, 2009. 10 

Intrieri, J. M., Fairall, C.W., Shupe, M.D., Persson, P.O.G., Andreas, E.L., Guest, P.S., and Moritz, R.E.: An annual cycle of 

Arctic surface cloud forcing at SHEBA, J. Geophys. Res., 107(C10), 8039, doi:10.1029/2000JC000439, 2002a. 

Intrieri, J. M., Shupe, M.D., Uttal, T., McCarty, B.J.: An annual cycle of Arctic cloud characteristics observed by radar and 

lidar at SHEBA, J. Geophys. Res., 107(C10), 8030, doi:10.1029/2000JC000423, 2002b. 

Kay, J. E. and L’Ecuyer, T.: Observational constraints on Arctic Ocean clouds and radiative fluxes during the early 21st 15 

century, J. Geophys. Res. Atmos., 118(13), 7219–7236, doi:10.1002/jgrd.50489, 2013. 

Kay, J. E. and Gettelman, A.: Cloud influence on and response to seasonal Arctic sea ice loss, J. Geophys. Res., 114(D18), 

D18204, doi:10.1029/2009JD011773, 2009. 

Key, J. R. and Schweiger, A. J.: Tools for atmospheric radiative transfer: Streamer and FluxNet, Comput. Geosci., 24(5), 443–

451, doi:10.1016/S0098-3004(97)00130-1, 1998. 20 

Key, J., Wang, X., Liu, Y., Dworak, R. and Letterly, A.: The AVHRR Polar Pathfinder Climate Data Records, Remote Sens., 

8(3), 167, doi:10.3390/rs8030167, 2016. 

L’Ecuyer, T. S., Wood, N. B., Haladay, T., Stephens, G. L. and Stackhouse, P. W.: Impact of clouds on atmospheric heating 

based on the R04 CloudSat fluxes and heating rates data set, J. Geophys. Res., 113, D00A15, doi:10.1029/2008JD009951, 

2008. 25 

Letterly, A., Key, J., and Liu, Y.: Arctic climate: changes in sea ice extent outweigh changes in snow cover, The Cryosphere, 

12, 3373–3382, https://doi.org/10.5194/tc-12-3373-2018, 2018. 

Li, J., Huang, J., Stamnes, K., Wang, T., Lv, Q. and Jin, H.: A global survey of cloud overlap based on CALIPSO and CloudSat 

measurements, Atmos. Chem. Phys., 15(1), 519–536, doi:10.5194/acp-15-519-2015, 2015. 

Liu, Y., Ackerman, S. A., Maddux, B. C., Key, J. R. and Frey, R. A.: Errors in Cloud Detection over the Arctic Using a Satellite 30 

Imager and Implications for Observing Feedback Mechanisms, J. Clim., 23(7), 1894–1907, doi:10.1175/2009JCLI3386.1, 

2010. 

Liu, Y., Key, J. R., Ackerman, S. A., Mace, G. G. and Zhang, Q.: Arctic cloud macrophysical characteristics from CloudSat 

and CALIPSO, Remote Sens. Environ., 124, 159–173, doi:10.1016/j.rse.2012.05.006, 2012a. 



35 
 

Liu, Y., Key, J. R., Frey, R. A., Ackerman, S. A. and Menzel, W. P.: Nighttime polar cloud detection with MODIS, Remote 

Sens. Environ., 92(2), 181–194, doi:10.1016/j.rse.2004.06.004, 2004. 

Liu, Y., Key, J. R., Liu, Z., Wang, X. and Vavrus, S. J.: A cloudier Arctic expected with diminishing sea ice, Geophys. Res. 

Lett., 39(5), n/a-n/a, doi:10.1029/2012GL051251, 2012b. 

Liu, Y., Shupe, M. D., Wang, Z. and Mace, G.: Cloud vertical distribution from combined surface and space radar–lidar 5 

observations at two Arctic atmospheric observatories, Atmos. Chem. Phys., 17(9), 5973–5989, doi:10.5194/acp-17-5973-

2017, 2017. 

Loyer, L., Raut, J.-C., Di Biagio, C., Maillard, J., Mariage, V., and Pelon, J.: Radiative fluxes in the High Arctic region derived 

from ground-based lidar measurements onboard drifting buoys, Atmos. Meas. Tech. Discuss. [preprint], 

https://doi.org/10.5194/amt-2021-326, in review, 2021. 10 

Mace, G. G. and Zhang, Q.: The CloudSat radar-lidar geometrical profile product (RL-GeoProf): Updates, improvements, and 

selected results, J. Geophys. Res. Atmos., 119(15), 9441–9462, doi:10.1002/2013JD021374, 2014. 

Mace, G. G., Zhang, Q., Vaughan, M., Marchand, R., Stephens, G., Trepte, C. and Winker, D.: A description of hydrometeor 

layer occurrence statistics derived from the first year of merged Cloudsat and CALIPSO data, J. Geophys. Res., 114, D00A26, 

doi:10.1029/2007JD009755, 2009. 15 

Marchand, R., Haynes, J., Mace, G. G., Ackerman, T. and Stephens, G.: A comparison of simulated cloud radar output from 

the multiscale modeling framework global climate model with CloudSat cloud radar observations, J. Geophys. Res., 114, 

D00A20, doi:10.1029/2008JD009790, 2009. 

Marchand, R., Mace, G. G., Ackerman, T. and Stephens, G.: Hydrometeor Detection Using Cloudsat—An Earth-Orbiting 94-

GHz Cloud Radar, J. Atmos. Ocean. Technol., 25(4), 519–533, doi:10.1175/2007JTECHA1006.1, 2008. 20 

Mioche, G., Jourdan, O., Ceccaldi, M. and Delanoë, J.: Variability of mixed-phase clouds in the Arctic with a focus on the 

Svalbard region: a study based on spaceborne active remote sensing, Atmos. Chem. Phys., 15(5), 2445–2461, doi:10.5194/acp-

15-2445-2015, 2015. 

Naud, C. M., Posselt, D. J. and van den Heever, S. C.: A CloudSat–CALIPSO View of Cloud and Precipitation Properties 

across Cold Fronts over the Global Oceans, J. Clim., 28(17), 6743–6762, doi:10.1175/JCLI-D-15-0052.1, 2015. 25 

Overland, J. E. and Wang, M.: When will the summer Arctic be nearly sea ice free?, Geophys. Res. Lett., 40(10), 2097–2101, 

doi:10.1002/grl.50316, 2013. 

Persson, P. O. G.: Measurements near the Atmospheric Surface Flux Group tower at SHEBA: Near-surface conditions and 

surface energy budget, J. Geophys. Res., 107(C10), 8045, doi:10.1029/2000JC000705, 2002. 

Protat, A., Young, S. A., McFarlane, S. A., L’Ecuyer, T., Mace, G. G., Comstock, J. M., Long, C. N., Berry, E. and Delanoë, 30 

J.: Reconciling Ground-Based and Space-Based Estimates of the Frequency of Occurrence and Radiative Effect of Clouds 

around Darwin, Australia, J. Appl. Meteorol. Climatol., 53(2), 456–478, doi:10.1175/JAMC-D-13-072.1, 2014. 

Sassen, K. and Wang, Z.: The Clouds of the Middle Troposphere: Composition, Radiative Impact, and Global Distribution, 

Surv. Geophys., 33(3–4), 677–691, doi:10.1007/s10712-011-9163-x, 2012. 



36 
 

Sassen, K. and Wang, Z.: Classifying clouds around the globe with the CloudSat radar: 1-year of results, Geophys. Res. Lett., 

35(4), L04805, doi:10.1029/2007GL032591, 2008. 

Serreze, M. C. and Stroeve, J.: Arctic sea ice trends, variability and implications for seasonal ice forecasting, Philos. Trans. R. 

Soc. A Math. Phys. Eng. Sci., 373(2045), 20140159, doi:10.1098/rsta.2014.0159, 2015. 

Shupe, M. D.: Clouds at Arctic Atmospheric Observatories. Part II: Thermodynamic Phase Characteristics, J. Appl. Meteorol. 5 

Climatol., 50(3), 645–661, doi:10.1175/2010JAMC2468.1, 2011. 

Shupe, M. D.: A ground-based multisensor cloud phase classifier, Geophys. Res. Lett., 34(22), L22809, 

doi:10.1029/2007GL031008, 2007. 

Shupe, M. D. and Intrieri, J. M.: Cloud Radiative Forcing of the Arctic Surface: The Influence of Cloud Properties, Surface 

Albedo, and Solar Zenith Angle, J. Clim., 17(3), 616–628, doi:10.1175/1520-0442(2004)017<0616:CRFOTA>2.0.CO;2, 10 

2004. 

Shupe, M. D., Matrosov, S. Y. and Uttal, T.: Arctic Mixed-Phase Cloud Properties Derived from Surface-Based Sensors at 

SHEBA, J. Atmos. Sci., 63(2), 697–711, doi:10.1175/JAS3659.1, 2006. 

Shupe, M. D., Rex, M., Blomquist, B., Persson, P. O. G., Schmale, J., Uttal, T., Althausen, D., Angot, H., Archer, S., Bariteau, 

L., Beck, I., Bilberry, J., Bucci, S., Buck, C., Boyer, M., Brasseur, Z., Brooks, I. M., Calmer, R., Cassano, J., Castro, V., Chu, 15 

D., Costa, D., Cox, C. J., Creamean, J., Crewell, S., Dahlke, S., Damm, E., de Boer, G., Deckelmann, H., Dethloff, K., Dütsch, 

M., Ebell, K., Ehrlich, A., Ellis, J., Engelmann, R., Fong, A. A., Frey, M. M., Gallagher, M. R., Ganzeveld, L., Gradinger, R., 

Graeser, J., Greenamyer, V., Griesche, H., Griffiths, S., Hamilton, J., Heinemann, G., Helmig, D., Herber, A., Heuzé, C., 

Hofer, J., Houchens, T., Howard, D., Inoue, J., Jacobi, H.-W., Jaiser, R., Jokinen, T., Jourdan, O., Jozef, G., King, W., 

Kirchgaessner, A., Klingebiel, M., Krassovski, M., Krumpen, T., Lampert, A., Landing, W., Laurila, T., Lawrence, D., 20 

Lonardi, M., Loose, B., Lüpkes, C., Maahn, M., Macke, A., Maslowski, W., Marsay, C., Maturilli, M., Mech, M., Morris, S., 

Moser, M., Nicolaus, M., Ortega, P., Osborn, J., Pätzold, F., Perovich, D. K., Petäjä, T., Pilz, C., Pirazzini, R., Posman, K., 

Powers, H., Pratt, K. A., Preußer, A., Quéléver, L., Radenz, M., Rabe, B., Rinke, A., Sachs, T., Schulz, A., Siebert, H., Silva, 

T., Solomon, A., et al.: Overview of the MOSAiC expedition—Atmosphere, Elem. Sci. Anthr., 10(1), 

doi:10.1525/elementa.2021.00060, 2022. 25 

Shupe, M. D., Walden, V. P., Eloranta, E., Uttal, T., Campbell, J. R., Starkweather, S. M. and Shiobara, M.: Clouds at Arctic 

Atmospheric Observatories. Part I: Occurrence and Macrophysical Properties, J. Appl. Meteorol. Climatol., 50(3), 626–644, 

doi:10.1175/2010JAMC2467.1, 2011. 

Stephens, G. L., Vane, D. G., Boain, R. J., Mace, G. G., Sassen, K., Wang, Z., Illingworth, A. J., O’connor, E. J., Rossow, W. 

B., Durden, S. L., Miller, S. D., Austin, R. T., Benedetti, A. and Mitrescu, C.: The CloudSat Misson and the A-TRAIN, Bull. 30 

Am. Meteorol. Soc., 83(12), 1771–1790, doi:10.1175/BAMS-83-12-1771, 2002. 

Tan, I. and Storelvmo, T.: Evidence of Strong Contributions From Mixed-Phase Clouds to Arctic Climate Change, Geophys. 

Res. Lett., 46(5), 2894–2902, doi:10.1029/2018GL081871, 2019. 



37 
 

Taylor, P. C., Kato, S., Xu, K. and Cai, M.: Covariance between Arctic sea ice and clouds within atmospheric state regimes at 

the satellite footprint level, J. Geophys. Res. Atmos., 120(24), 12656–12678, doi:10.1002/2015JD023520, 2015. 

Tjernström, M. and Graversen, R. G.: The vertical structure of the lower Arctic troposphere analysed from observations and 

the ERA-40 reanalysis, Q. J. R. Meteorol. Soc., 135(639), 431–443, doi:10.1002/qj.380, 2009. 

Tjernström, M., Leck, C., Birch, C. E., Bottenheim, J. W., Brooks, B. J., Brooks, I. M., Bäcklin, L., Chang, R. Y.-W., de 5 

Leeuw, G., Di Liberto, L., de la Rosa, S., Granath, E., Graus, M., Hansel, A., Heintzenberg, J., Held, A., Hind, A., Johnston, 

P., Knulst, J., Martin, M., Matrai, P. A., Mauritsen, T., Müller, M., Norris, S. J., Orellana, M. V., Orsini, D. A., Paatero, J., 

Persson, P. O. G., Gao, Q., Rauschenberg, C., Ristovski, Z., Sedlar, J., Shupe, M. D., Sierau, B., Sirevaag, A., Sjogren, S., 

Stetzer, O., Swietlicki, E., Szczodrak, M., Vaattovaara, P., Wahlberg, N., Westberg, M. and Wheeler, C. R.: The Arctic 

Summer Cloud Ocean Study (ASCOS): overview and experimental design, Atmos. Chem. Phys., 14(6), 2823–2869, 10 

doi:10.5194/acp-14-2823-2014, 2014. 

Turner, D. D.: Arctic Mixed-Phase Cloud Properties from AERI Lidar Observations: Algorithm and Results from SHEBA, J. 

Appl. Meteorol., 44(4), 427–444, doi:10.1175/JAM2208.1, 2005. 

Uttal, T., Curry, J. A., Mcphee, M. G., Perovich, D. K., Moritz, R. E., Maslanik, J. A., Guest, P. S., Stern, H. L., Moore, J. A., 

Turenne, R., Heiberg, A., Serreze, M. C., Wylie, D. P., Persson, O. G., Paulson, C. A., Halle, C., Morison, J. H., Wheeler, P. 15 

A., Makshtas, A., Welch, H., Shupe, M. D., Intrieri, J. M., Stamnes, K., Lindsey, R. W., Pinkel, R., Pegau, W. S., Stanton, T. 

P. and Grenfeld, T. C.: Surface Heat Budget of the Arctic Ocean, Bull. Am. Meteorol. Soc., 83(2), 255–275, doi:10.1175/1520-

0477(2002)083<0255:SHBOTA>2.3.CO;2, 2002. 

Vaughan, M. A., Powell, K. A., Winker, D. M., Hostetler, C. A., Kuehn, R. E., Hunt, W. H., Getzewich, B. J., Young, S. A., 

Liu, Z. and McGill, M. J.: Fully Automated Detection of Cloud and Aerosol Layers in the CALIPSO Lidar Measurements, J. 20 

Atmos. Ocean. Technol., 26(10), 2034–2050, doi:10.1175/2009JTECHA1228.1, 2009. 

Vavrus, S., Waliser, D., Schweiger, A. and Francis, J.: Simulations of 20th and 21st century Arctic cloud amount in the global 

climate models assessed in the IPCC AR4, Clim. Dyn., 33(7–8), 1099–1115, doi:10.1007/s00382-008-0475-6, 2009. 

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A., Liu, Z., Hunt, W. H. and Young, S. A.: Overview of the 

CALIPSO Mission and CALIOP Data Processing Algorithms, J. Atmos. Ocean. Technol., 26(11), 2310–2323, 25 

doi:10.1175/2009JTECHA1281.1, 2009. 

Zhang, Y., Xie, S., Klein, S. A., Marchand, R., Kollias, P., Clothiaux, E. E., Lin, W., Johnson, K., Swales, D., Bodas-Salcedo, 

A., Tang, S., Haynes, J. M., Collis, S., Jensen, M., Bharadwaj, N., Hardin, J. and Isom, B.: The ARM Cloud Radar Simulator 

for Global Climate Models: Bridging Field Data and Climate Models, Bull. Am. Meteorol. Soc., 99(1), 21–26, 

doi:10.1175/BAMS-D-16-0258.1, 2018. 30 

Zhao, M. and Wang, Z.: Comparison of Arctic clouds between European Center for Medium-Range Weather Forecasts 

simulations and Atmospheric Radiation Measurement Climate Research Facility long-term observations at the North Slope of 

Alaska Barrow site, J. Geophys. Res., 115(D23), D23202, doi:10.1029/2010JD014285, 2010. 



38 
 

Zuidema, P., Baker, B., Han, Y., Intrieri, J., Key, J., Lawson, P., Matrosov, S., Shupe, M., Stone, R. and Uttal, T.: An Arctic 

Springtime Mixed-Phase Cloudy Boundary Layer Observed during SHEBA, J. Atmos. Sci., 62(1), 160–176, doi:10.1175/JAS-

3368.1, 2005. 

 

 5 


