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Abstract Knowledge of cloud vertical structure is

important for meteorological and climate studies due to the

impact of clouds on both the Earth’s radiation budget and

atmospheric adiabatic heating. Yet it is among the most

difficult quantities to observe. In this study, we develop a

long-term (10 years) radiosonde-based cloud profile prod-

uct over the Southern Great Plains and along with ground-

based and space-borne remote sensing products, use it to

evaluate cloud layer distributions simulated by the National

Centers for Environmental Prediction global forecast sys-

tem (GFS) model. The primary objective of this study is to

identify advantages and limitations associated with differ-

ent cloud layer detection methods and model simulations.

Cloud occurrence frequencies are evaluated on monthly,

annual, and seasonal scales. Cloud vertical distributions

from all datasets are bimodal with a lower peak located in

the boundary layer and an upper peak located in the high

troposphere. In general, radiosonde low-level cloud retri-

evals bear close resemblance to the ground-based remote

sensing product in terms of their variability and gross

spatial patterns. The ground-based remote sensing

approach tends to underestimate high clouds relative to the

radiosonde-based estimation and satellite products which

tend to underestimate low clouds. As such, caution must be

exercised to use any single product. Overall, the GFS

model simulates less low-level and more high-level clouds

than observations. In terms of total cloud cover, GFS

model simulations agree fairly well with the ground-based

remote sensing product. A large wet bias is revealed in

GFS-simulated relative humidity fields at high levels in the

atmosphere.

Keywords Cloud vertical structure � NCEP global

forecast system � Radiosonde � Cloud fraction �
Remote sensing

1 Introduction

Cloud vertical structure affects, and is affected by, atmo-

spheric dynamics, thermodynamics, and the hydrological

cycle, as well as the radiation budget at the surface and

within the atmosphere. Clouds have been recognized as a

primary source of uncertainties in global weather and cli-

mate studies (Stephens 2005). By comparing 24 model

simulations against International Satellite Cloud Clima-

tology Project (ISCCP) data, Weare (1996) found that

global mean amounts of modeled high clouds were about

two to five times greater than that calculated from satellite

retrievals, whereas low-level clouds were severely under-

estimated. Zhang et al. (2005) compared the fraction of
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total, low-level, mid-level, and high-level clouds from 10

general circulation models (GCMs) and the ISCCP satellite

product, as well as the clouds and earth’s radiant energy

system (CERES) cloud product. They showed that total

cloud amounts agreed well. However, large discrepancies

existed in cloud vertical structure among the models, and

between satellite products.

Validation of climate models requires an accurate

knowledge of cloud macrophysical properties from obser-

vational data. Passive satellite sensors have the advantage

of providing a global coverage of cloud amounts and top

heights, but their retrieval accuracy suffers from various

limitations (Marchand et al. 2001). Ground-based active

sensors, such as cloud radars, lidars, and ceilometers, can

provide cloud property measurements with high accuracy

and with continuous temporal coverage (Dong and Mace

2003; Okamoto et al. 2008; Xi et al. 2010). The advent of

the space-borne cloud radar and lidar allows for the por-

trayal of cloud vertical structure on a global scale along the

curtain of a satellite track due to its nadir view mode

(Stephens et al. 2002; Mace et al. 2009).

To produce a more reliable cloud climatology, the US

Department of Energy’s Atmospheric Radiation Measure-

ment (ARM) program has deployed a suite of remote

sensing instruments at the Southern Great Plains (SGP)

central facility (CF) site in north-central Oklahoma. By

combining data from different instruments, cloud vertical

structure information has been generated and is available as

an active remote sensing of cloud (ARSCL) value-added

product (VAP; Clothiaux et al. 2000). This VAP has been

used in various studies (Dong et al. 2006; Kollias et al.

2007; Xi et al. 2010). Mace and Benson (2008) confirmed

that the vertical profile of cloud occurrence was dominated

by clouds in the upper troposphere and in the boundary

layer, which is consistent with a global satellite cloud

product (Chang and Li 2005a) derived from moderate

resolution imaging spectroradiometer (MODIS) channels

using their own algorithm (Chang and Li 2005b).

Using ground-based and space-borne remote sensing

cloud products at the SGP site, many studies have been

conducted to evaluate, test, and improve numerical models

at different scales, ranging from GCMs to cloud-resolving

models (e.g., Xie and Zhang 2000; Xu et al. 2002; Luo

et al. 2003; Dupont et al. 2011; Qian et al. 2012). Luo et al.

(2005) used ARM observations collected at the SGP CF in

June and July 1997 and cloud-resolving model simulations

to evaluate the representation of cirrus clouds in a single-

column version of the National Centers for Environmental

Prediction (NCEP) global forecast system (GFS). Yang

et al. (2006) compared diurnal distributions of cloud frac-

tion derived from the two approaches. By investigating

global distributions of high, middle, and low-level cloud

fractions estimated from CloudSat-Cloud-Aerosol Lidar

and Infrared Pathfinder Satellite Observations (CALIPSO)

merged data, retrievals obtained from the application of the

Chang and Li (2005b) algorithm to MODIS data, and from

GFS model simulations, Yoo and Li (2012) found that the

GFS model produced more high and middle-level clouds

than the two satellite retrievals, although gross spatial

patterns from the model and observations bore a close

resemblance. Large discrepancies were also exhibited in

marine stratocumulus clouds over the eastern tropical

Pacific and Atlantic oceans, including the west coasts of

North America, South America, and southwestern Africa.

Yoo et al. (2013) found that the parameterization of

cloudiness was the primary cause for the systematic dis-

crepancies. The current study focuses on the SGP CF site

and extends the Yang et al. (2006) study period to 10 years,

but uses independent datasets of cloud structure estimated

from radiosonde and ground-based retrievals. In addition,

the cloud product derived from measurements made from

CloudSat and CALIPSO satellites between 2006 and 2010

are also used to investigate differences in cloud retrievals,

especially for high clouds. New utilities of these conven-

tional and operational measurements are demonstrated.

World-wide radiosonde data have been obtained rou-

tinely for many decades. Radiosondes provide in situ

measurements of temperature and humidity that may con-

vey information about clouds. To take advantage of the

global long-term database of radiosonde profiles, methods

have been developed to determine the locations and

boundaries of cloud layers from radiosonde data. Wang and

Rossow (1995; denoted as WR95) used relative humidity

(RH) profiles to obtain cloud vertical structure with a

transformation of RH to that with respect to ice at levels

where the temperature is below 0 �C. Chernykh and Esk-

ridge (1996) developed a cloud detection method based on

the second-order derivatives of temperature and RH with

respect to height. Cloud boundaries are defined if at least

one of the two second-order derivatives is zero. Using

radiosonde data, cloud vertical structure was determined

(e.g., Wang et al. 1999, 2000; Chernykh et al. 2000; Minnis

et al. 2005), but few such products have been validated due

to a lack of trustworthy and/or independent products (e.g.,

Wang et al. 1999; Naud et al. 2003).

As part of a major US–China joint experiment called the

East Asian Study of tropospheric aerosols and their impact

on regional climate (Li et al. 2010, 2011), an ARM mobile

facility (AMF) was deployed in China. Using a modified

version of the method described by WR95, radiosonde data

obtained from the AMF campaign were used to analyze

cloud distributions at a site in southeastern China (Zhang

et al. 2010). Radiosonde-derived and W-band (95 GHz)

cloud radar retrievals of cloud boundaries agreed well. The

same method was also validated at the SGP site with

promising accuracy (Zhang et al. 2013).
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Comparative studies between the GFS and remote

sensing products have been presented in Yoo and Li (2012)

and Yoo et al. (2013), while the radiosonde-based cloud

boundary algorithm and a preliminary validation of radio-

sonde-based cloud products have been presented in Zhang

et al. (2010, 2013). The success achieved in using radio-

sonde data to determine the presence of cloud in any

atmospheric layer motivated us develop a 10-year clima-

tology of cloud vertical structure using data from radio-

sondes launched over the SGP CF. Radiosonde and

remotely sensed cloud data have respective advantages and

limitations. Yet, space-borne and ground-based remote

sensing products also have different merits and limitations

(Thorsen et al. 2013; Protat et al. 2014). In this regard, no

single product can be regarded as the truth. As such, they

are all used to evaluate the performance of the National

Oceanic and Atmospheric Administration (NOAA)/GFS in

simulating cloud vertical profiles. Four products (GFS,

ground- and space-based remotely sensed products, and

radiosonde) are employed here that were generated over

many years to study the climatology of cloud profiles, as

well as to investigate their differences. This is part of a

series of comprehensive investigation with some results

already published (Yoo and Li 2012; Yoo et al. 2013;

Zhang et al. 2010, 2013).

Section 2 describes the cloud detection algorithms and

data used in this study. Cloud occurrence frequencies from

observations and model simulations at the SGP site are

compared in Sect. 3. Differences are also investigated.

Main conclusions are summarized in Sect. 4.

2 Cloud detection algorithms and data

2.1 Radiosonde-based method and product

At the SGP site, a minimum of four radiosonde launches

are launched each day (at 05:30, 11:30, 17:30, and 23:30

UTC). More frequent launches were made during numer-

ous intensive field campaigns that took place at the site,

such as the Atmospheric Infrared Sounder Campaign

(Tobin et al. 2006) and the Cloud Land Surface Interaction

Campaign (Miller 2008). Radiosonde data collected at the

SGP site from 2001 to 2010 are used to derive cloud layers

in this study using the algorithm described by Zhang et al.

(2013).

A brief introduction is presented here for completeness.

The algorithm originates from that described by WR95

with numerous modifications. It employs three height-

resolving RH thresholds to determine cloud layers: mini-

mum and maximum RH thresholds in cloud layers (min-

RH and max-RH), and minimum RH thresholds within the

distance between two contiguous layers (inter-RH). RH is

first computed with respect to ice instead of liquid water at

all levels with temperatures below 0 �C. Cloud layers are

then identified according to the following eight steps: (1)

the base of the lowest moist layer is determined as the level

where RH exceeds the min-RH corresponding to this level;

(2) levels above the base of the moist layer with RH greater

than the min-RH are treated as the same layer; (3) the top

of the moist layer is identified where RH decreases to the

min-RH or RH exceeds the min-RH, but the top of the

profile is reached; (4) the moist layer is classified as a cloud

layer if the maximum RH within this layer is higher than

the corresponding max-RH at the base of this moist layer;

(5) the base of cloud layers is set to 136 m above ground

level (AGL); (6) two neighboring cloud layers are con-

sidered as a one-layer cloud if the distance between these

two layers is less than 300 m or the minimum RH within

this distance is greater than the maximum inter-RH value

within this distance; (7) if no cloud layers are identified

below 1 km where a large RH change gradient occurred

([15 % RH/km) and the maximum RH exceeds 85 %, one

cloud layer is determined; and (8) clouds are discarded if

their thicknesses are less than 30.5 m for low clouds and

61 m for middle/high clouds.

2.2 Ground-based cloud detection algorithm

and products

Ground-based active remote sensors such as the millimeter

microwave cloud radar (MMCR; Moran et al. 1998; Miller

et al. 2003) are capable of detecting multiple cloud layers

with high temporal and vertical resolutions so can provide

detailed information on cloud layer overlap. The MMCR

operates in four modes (Clothiaux et al. 1999) to provide

continuous profiles of radar reflectivity by hydrometeors

within its field of view. The laser ceilometer and lidar are

sensitive to the second moment of the particle distribution;

however, the MMCR is sensitive to the sixth moment so it

can readily detect non-hydrometeors associated with

insects and bits of vegetation. Thus, the ceilometer and

lidar can provide a more reliable estimate of cloud-base

height than can the MMCR. By combining observations

from the cloud radar, the lidar, and the ceilometer, the

ARSCL VAP was generated to detect cloud boundaries

with the best possible accuracy (Clothiaux et al. 2000;

Kollias et al. 2009). The ARSCL VAP generated at the

SGP site between 2001 and 2010 is used in this study.

2.3 The GFS model

The NCEP GFS is a global weather prediction model run

by NOAA. The GFS model is based on primitive dynam-

ical equations including a few parameterizations for

atmospheric physics developed by Sela (1980) and
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Kanamitsu (1989). The GFS model outputs cloud fraction,

cloud-top pressure and temperature, and cloud-base pres-

sure and temperature at high, middle and low levels of the

atmosphere. The GFS cloud fraction is diagnostically cal-

culated based on a prognostic condensate scheme which

combines the model-predicted temperature, RH, and three-

dimensional cloud water mixing ratios (Xu and Randall

1996). The GFS model has 64 vertical sigma-pressure

hybrid layers and outputs parameters in 21 vertically dif-

ferent layers. From the surface (1,000 hPa) to the 900 hPa

level, the vertical resolution is 25 hPa; above 900 hPa,

there are 16 levels at a 50-hPa resolution.

National Centers for Environmental Prediction GFS

forecast data have been processed since 2001 to produce

model profiles of atmospheric and cloud variables at ARM

observation sites two times per day, initialized at 0000

UTC and 1,200 UTC (Yang et al. 2006). ARM sites include

the SGP site near Lamont, Oklahoma, the North Slope of

Alaska, and the Tropical Western Pacific. Standard model

variables such as surface and atmospheric temperatures,

cloud fraction, cloud condensates, and specific humidity

are extracted and archived at 3-h forecast intervals. The

forecast duration is from the control time of 0000 UTC to

48 h later. The saturation specific humidity is transformed

with respect to liquid or ice phase depending on the

ambient temperature. To compare with observational data,

GFS output profiles were saved on the model’s sigma

levels and then projected onto standard isobaric layers from

1,000 to 25 hPa with a 25-hP solution. Model output is also

generated at atmospheric heights ranging from the surface

to 20 km spaced at 250-m interval. Forecast data from 00

UTC to 24 UTC (i.e. at 03, 06, 09, 12, 15, 18, 21, 24 UTC)

for each day between January 2001 and July 2010 are used

in this study.

2.4 Space-borne cloud detection algorithm

and products

The space-borne cloud data used in this study is the 2B-

GEOPROF-LIDAR product derived from CloudSat and

CALIPSO satellites. The two satellites were launched in

2006 and carry a 94-GHz cloud profiling radar (Stephens

et al. 2002) and a two-wavelength polarization sensitive

lidar (Winker et al. 2007). The lidar is able to detect thin

cirrus, but is attenuated by optically thick clouds. However,

the radar is able to detect lower, more optically opaque

cirrus clouds and can penetrate through much of deep

convective clouds. Similar to ground-based ARSCL VAP

data, the combination of space-borne lidar and radar data

offers the best compromise between the strengths and

weaknesses of the two instrument retrieval methods (Mace

et al. 2009). It thus allows for a more complete description

of the cloud vertical structure; the boundaries of up to five

cloud layers can be identified. The 2B-GEOPROF-LIDAR

product generated between 2006 and 2010 over the SGP

site is used in this study.

3 Comparison of cloud layers derived at the SGP site

3.1 Radiosonde-derived cloud layer statistics

Radiosonde profiles reaching altitudes greater than 10 km

over the period of 2001–2010 were selected, resulting in a

total of 13,635 profiles. Monthly samples exceed 100 for

94 % of the months (Fig. 1a). Frequency distributions of

the number of radiosonde-detected cloud layers are shown

in Fig. 1b. Clear skies were most frequently observed

(34.8 % of the cases), followed by skies with one layer of

cloud (30.4 %) and two layers of cloud (20.2 %). A max-

imum of eight cloud layers was detected during the course

of one particular launch. A total of 16,470 cloud layers

were retrieved and were classified according to their

location in the atmosphere: (1) low clouds with bases lower

than 2 km and thicknesses less than 6 km; (2) mid-level

clouds with bases ranging from 2 to 5 km; (3) high clouds

with bases greater than 5 km (Lazarus et al. 2000), and (4)

deep clouds with bases less than 2 km and thicknesses

greater than 6 km. The mean location for each cloud type is

presented in Fig. 1c. The mean cloud-base height, cloud-

top height, and thickness for all cloud layers are 5,703,

7,115 and 1,412 m, respectively. Of all cloud layers

detected, 23.6, 19.1, 56.6, and 0.7 % are low, mid-level,

high and deep clouds, respectively. Low-level clouds are

thinnest with a mean thickness of 992 m and deep clouds

are thickest (8,638 m); mid-level clouds tend to be thicker

than high-level clouds.

3.2 Cloud occurrence frequency comparisons

Clouds in different vertical layers dictate the adiabatic

heating rate and the radiation balance of the atmospheric

column. Ten years’ worth of radiosonde, ARSCL, and GFS

data at the SGP site allows for the analysis of cloud

occurrence frequencies on different temporal scales

(monthly, yearly, and seasonally) and the comparison of

cloud results derived from these three datasets. The

radiosonde-derived cloud occurrence frequency is defined

as the number of launches where at least one layer of cloud

was detected divided by the total number of radiosonde

launches during a certain period (e.g., a month). Cloud

occurrence frequencies generated at the time of radiosonde

launches are used in the comparisons of subsequent anal-

yses, which are defined as the number of samples where

cloud layers were detected divided by the total number of

samples in the ARSCL subset of retrievals during a certain
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period. Note that there are differences between the fre-

quencies of cloud occurrence at the times of radiosonde

launches and from all day long due to the diurnal cycle of

cloud occurrence (Dong et al. 2006; Zhang and Klein

2010). GFS-based clouds are derived by applying the

radiosonde cloud retrieval algorithm to the GFS model-

predicted RH field (GFS-RH). The GFS-RH-based cloud

occurrence frequency is defined in the same way as that

used for radiosonde retrievals.

The 10-year radiosonde-based (ARSCL) mean cloud

occurrence frequencies for all-clouds, low-, middle-,

high-, and deep clouds at the SGP site are 65 % (52 %),

26 % (20 %), 20 % (14 %), 47 % (31 %), and 1 % (2 %),

respectively (see Table 1). Cloud occurrence frequencies

calculated here using radiosonde data are larger than those

reported by others using ARSCL retrievals (Dong et al.

2006; Kollias et al. 2007; Mace and Benson 2008; Xi

et al. 2010). There are three major factors that may

explain the discrepancies between the two observational

data sets. One factor involves balloon drift (Zhang et al.

2013). Balloon drift distances are generally more than

20 km with a maximum of about 200 km. Another factor

is the different temporal resolutions of the data sets. The

temporal resolution of data used in the published studies is

either 5 min or 10 s. However, during a radiosonde

launch, the instrument generally spends more than 90 min

in the atmosphere collecting data. As noted by Xi et al.

(2010) and Kennedy et al. (2010), the cloud occurrence

frequency will increase as the sampling period, or area,

increases. Radiosondes travel through the troposphere for

about 45 min, so more clouds are observed than are seen

in the ARSCL product. The radiosonde-retrieved mean

cloud occurrence frequency of 65 % is on par with the red

dot in Fig. 1 of Xi et al. (2010), which is equivalent to

satellite observations made over a 0.5� 9 0.5� box cen-

tered on the SGP CF or 30–45 min of point observations.

The other factor involves the macro- and microphysical

nature of lower-level cloud layers. Ground-based instru-

ments may fail to detect some high cirrus due to the

attenuation effect of thick lower-level clouds and fog on

the instruments (Protat et al. 2014). This will be addressed

later. The frequency occurrence of GFS-based clouds is

generally smaller than that from radiosonde retrievals,

which is associated with how often data were generated.

GFS-modeled RH is output at 3-h intervals while radio-

sonde profiles are generated every 6 h. In terms of total

cloud cover, GFS model simulations agree fairly well with

the ground-based remote sensing product.

3.2.1 Annual variations in cloud occurrence frequency

Time series (2001–2010) of annual cloud occurrence fre-

quencies for all-clouds, low-level, mid-level, high-level,

and deep clouds derived from radiosonde, ARSCL, and

GFS data are shown in Fig. 2. The radiosonde-based cloud

occurrence frequency (Fig. 2a) for all-clouds varies

Fig. 1 a Monthly number of

selected radiosonde launches,

b the frequency distribution of

the number of radiosonde-

retrieved cloud layers, and

c mean locations for all-cloud

layers, and low-/mid-/high-level

clouds and deep clouds. Hb, Ht,

and DH (unit: m) are the mean

cloud-base height, top height,

and thickness for each type of

clouds, respectively. N denotes

the total number of cloud layers

detected at the SGP site, and P

is the percentage of each cloud

type out of all cloud layers
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123



between 60 and 70 %. The maximum frequency is 69.6 %

in 2004 and the minimum is 60.6 % in 2006. The fre-

quency of mid-level and deep clouds hovers around 20 and

1 %, respectively. The frequency of low-level clouds

jumps from 19 % in 2006 to 35 % in 2007; the frequency

of high-level clouds is highest over the period of

2003–2004 and varies in the same manner as all-clouds,

stabilizing after 2005. The frequency trend for all-clouds

derived from ARSCL (Fig. 2b) is similar to that from the

radiosonde except from 2006 to 2008. Others have reported

that the ARSCL-based mean frequency at the SGP site

from January 1997 through December 2002 (Dong et al.

2006) and from January 1998 through June 2004 (Kollias

et al. 2007) is 49 %. Xi et al. (2010) reported a value of

47 % between January 1997 and December 2006. The

mean ARSCL all-cloud frequency from 2001 to 2002

(Fig. 2b) is 50 %. But for all years after 2002, it is larger

than 50 %, which makes the 10-year mean frequency

greater than other published values. The occurrence fre-

quencies for all GFS-modeled clouds (Fig. 2c) tend to be

less than those from radiosonde retrievals; large differences

in trend are also seen in all-cloud and high-level cloud

layers.

Figure 3 shows the seasonal time series of annual mean

cloud occurrence frequency distributions for all clouds

from Fig. 2. The four seasons are defined as follows: winter

(December–February), spring (March–May), summer

(June–August), and autumn (September–November). In

general, more cloud layers are detected in the spring and

winter than in the summer and autumn. Compared to

ARSCL, the GFS simulates well the inter-annual variations

of cloud occurrence in most seasons, except in the summer

when the performance of the model cloud simulation

deteriorated. Similar trends in inter-annual variation are

observed among the three products, especially between the

two observation products despite their systematic differ-

ences. The radiosonde-based cloud occurrence frequency is

larger in magnitude than the ARSCL cloud occurrence

frequency by about 10 %. The mean difference of radio-

sonde relative to instantaneous cloud frequency of ARSCL

is 9.3, 12.5, 14.8, and 12.8 % in spring, summer, autumn,

and winter, respectively. The mean bias over the four

seasons is 12.6 %.

Annual mean cloud occurrence frequencies at a vertical

resolution of 100 m are shown in Fig. 4. The color bar

represents the cloud occurrence frequencies in percent.

Table 1 Mean cloud

occurrence frequencies and

standard deviations calculated

from radiosonde, ARSCL, and

GFS data, averaged over

2001–2010 for all clouds and

four different cloud types

Cloud occurrence frequency (%) Standard deviation (%)

Radiosonde ARSCL GFS Radiosonde ARSCL GFS

All clouds 65 52 58 11 13 12

Low clouds 26 20 16 13 11 9

Middle clouds 20 14 9 7 5 4

High clouds 47 31 43 9 9 11

Deep clouds 1 2 2 1 2 2

Fig. 2 Annual mean cloud occurrence frequencies from 2001 to 2010 for all-clouds (black line), low- (pink line), mid- (green line), high-level

clouds (blue line), and deep clouds (red line) derived from a radiosonde data, b the ARSCL product, and c the GFS model at the SGP site

1134 J. Zhang et al.
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Cloud-top heights and their standard deviations for low-/

mid-/high-level clouds are also shown. The radiosonde-

and GFS-based vertical cloud occurrence frequencies in

each 100-m bin is defined as the number of times a cloud or

portion of cloud was detected in that bin divided by the

total number of vertical profiles during the month or year in

question. The ARSCL-based vertical cloud occurrence

frequency is defined in a similar way, i.e., the number of

samples detecting cloud layers anywhere within a specified

100-m bin divided by the total number of samples during

the month or year in question.

In general, the distribution of radiosonde-derived clouds

(Fig. 4a) over the SGP site is characterized by more clouds

located in the upper and lower atmosphere and relatively

fewer mid-level clouds, which seems to be a global gross

feature as found by Chang and Li (2005b). The largest

number of boundary-layer clouds occurred in 2007; cirrus

clouds abounded in 2001, 2003, and 2004. Figures 2a and

4a show that the lowest frequency of radiosonde-derived

low-level clouds seen in 2006 (*20 %) corresponded to a

period when there was a lower-than-normal number of such

clouds within the boundary layer; the highest frequency of

clouds seen in 2004 (*70 %) corresponded to a period

when there was a greater-than-normal number of clouds in

the upper atmosphere. Overall, vertical distributions of

cloud derived from the ARSCL (Fig. 4b) are about 10 %

less than those from the radiosonde at many levels in the

atmosphere. Cloud-top heights are similar in Fig. 4a, b;

they vary slightly around their mean values, as illustrated

in Fig. 1c. Compared to radiosonde and ARSCL retrievals,

many more high-cloud layers are simulated by the GFS

model (Fig. 4c), resulting in the largest values for cloud-

top height of high clouds. The cloud-top height of mid-

level clouds varies the most between 2004 and 2007. Less

boundary-layer clouds are generated by the GFS model

than measured by radiosondes.

Figure 5 shows average profiles of RH and temperature

derived from radiosonde data and the GFS model over the

10-year period. In general, temperatures obtained from the

two approaches are very close. However, large discrepan-

cies are revealed in the RH profiles. There exists a wet bias

in GFS-modeled RH, especially in the upper atmosphere.

The deficiency in GFS-modeled low-level cloud layers

may be partially associated with the coarser vertical reso-

lution of the model (250 m) compared to that of radiosonde

measurements (10 m). This may result in a few thin cloud

layers being missed by the GFS model near the surface.

More cloud layers from the GFS model in the upper

atmosphere are presumably due to the large wet bias at

these levels, which can lead to a positive bias in cloud ice.

To obtain more accurate cloud boundaries, GFS-RH

thresholds used to determine the cloud field should be

increased (decreased) in the upper (lower) part of the

atmosphere.

3.2.2 Monthly variations in cloud occurrence frequency

Figure 6 shows the monthly mean time series of the ver-

tical distribution of radiosonde-derived, ARSCL-retrieved,

and GFS-modeled cloud occurrence frequencies over the

Fig. 3 Annual mean

distributions of cloud

occurrence frequency at the

SGP site obtained from

radiosonde profiles (solid lines),

the ARSCL product (long

dashed lines), and the GFS

model (short dashed lines) in

a spring, b summer, c autumn,

and d winter
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10-year period studied. Most radiosonde- (Fig. 6a) and

ARSCL-based (Fig. 6b) clouds are located between 8 and

12 km and the least amount of cloud is observed between 2

and 6 km in the majority of months; large month-to-month

variations are seen. The occurrence frequency below 2 km

has a large monthly variability with maxima in cold months

(December, January, and February) and minima in warm

months (June, July, and August). The large variability in

Fig. 4 Annual mean vertical

distributions of cloud

occurrence frequency derived

from a radiosonde data, b the

ARSCL product, and c GFS

model output at the SGP site.

The vertical resolution is

100 m. The color bar represents

the cloud occurrence

frequencies in percent.

Uppermost, middle, and

lowermost white lines represent

mean cloud-top heights for

high-/mid-/low-level clouds and

their standard deviations,

respectively

Fig. 5 Comparison of a relative

humidity and b temperature

derived from the radiosonde

data (solid line) and from GFS

model output (dashed line) at

the SGP site. The vertical

resolution is 250 m
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boundary layer clouds and continental stratus indicates

possible coupling mechanisms between the formation of

continental stratus clouds and large-scale dynamics that

also exhibit great variability at mid-latitudes (Kollias et al.

2007). The maximum frequency occurs in February 2001

between 7 and 11 km; cloud occurrence frequencies are

generally greater than 40 % (35 %) in Fig. 6a, b. Low-

level clouds derived from radiosonde profiles and gener-

ated by ARSCL vary the most on a monthly basis (13 and

11 %, respectively; see Table 1); mid-level clouds vary the

least on a monthly basis (7 and 5 %, respectively). More

cloud layers located above 12 km are observed by the

radiosonde than are generated by the ARSCL product,

especially in summer months. Substantially less low-level

clouds and more high-level clouds are generated by the

GFS model (Fig. 6c) compared to radiosonde retrievals

(Fig. 6a). Note that in January 2003, one of the instruments

providing input to the ARSCL algorithm (the micropulse

lidar) failed, therefore, no cloud boundaries were generated

for this month.

3.2.3 Seasonal mean cloud occurrence frequency

Mean cloud occurrence frequencies during the four seasons

and over the 10-year period at the SGP site are given in

Table 2. The radiosonde-based maximum frequency occurs

in winter (71 %) and the minimum frequency occurs in

summer (59 %); the greatest variability in frequency

occurs during the fall months (±12 %) and the smallest

variability is seen during the spring months (±7 %).

Fig. 6 Monthly mean vertical

distributions of cloud

occurrence frequency derived

from a radiosonde data, b the

ARSCL product, and c the GFS

model at the SGP site. The

vertical resolution is 100 m.

The color bar represents cloud

occurrence frequencies in

percent. The white band in

panel c indicates that no GFS

model simulations were

available

Table 2 Same as Table 1, but

for all clouds and according to

season

Cloud occurrence frequency (%) Standard deviation (%)

Radiosonde ARSCL GFS Radiosonde ARSCL GFS

Spring 69 60 63 7 7 10

Summer 59 47 55 10 11 13

Autumn 62 47 52 12 14 11

Winter 71 58 61 10 13 9
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Maxima in frequencies calculated from ARSCL data and

GFS simulations occur in spring (60 and 63 %,

respectively).

Mean vertical profiles of cloud occurrence frequency

during the four seasons and over the 10-year period at the

SGP site are shown in Fig. 7. All profiles exhibit bimodal

distributions with a lower peak between 0.5 and 2 km, an

upper peak between 7 and 12 km, and a minimal

occurrence of cloud at around the 3-km level. These find-

ings are consistent with those reported by Chang and Li

(2005a, b) who analyzed satellite cloud retrievals on a

global scale. The uppermost peak in the summer profile (at

*11 km) is located higher than those in other seasons,

which is due to a deeper troposphere and the more frequent

occurrence of convective storms in the summer months (Xi

et al. 2010). Large frequency values located below 2 km

usually occur in winter, spring, and autumn but not in

summer because stratus clouds are seldom seen then (Dong

et al. 2005). Large differences in magnitude among the

three products are seen. The magnitude of the springtime

peak in cloud occurrence frequency near the surface is

nearly the same for all data sets. In autumn and winter, the

magnitude of the lowest peak in cloud occurrence fre-

quency in the radiosonde-derived profile is greater than that

of the other profiles. Also, a smaller number of cloud layers

are simulated by the GFS model in summer. Less middle-

level clouds are simulated by the GFS model in spring,

summer, and autumn.

The GFS model simulates more high-level clouds and

places them higher in the upper atmosphere than do

radiosonde and ARSCL retrievals. The upper peak in the

ARSCL profile is lower than that from the radiosonde-

based profile. By comparing the CloudSat-CALIPSO

merged product (within a radius of 200 km around the

ground site) and ground-based data (within ±1 h of the

satellite overpass time over that area), Protat et al. (2014)

found that the ground-based radar-lidar combination at

Darwin, Australia could not detect most cirrus clouds

Fig. 7 Mean vertical cloud

occurrence frequency profiles

from radiosonde data (black

lines), the ARSCL product (red

lines), and the GFS model (blue

lines) for a spring, b summer,

c autumn, and d winter over the

SGP site from 2001 to 2010.

The vertical resolution is 100 m

Fig. 8 A comparison of cloud occurrence frequencies calculated

using the radiosonde data (black line), the ARSCL product (red line),

and the CloudSat-CALIPSO combination (blue line) at the SGP site

from 2006 to 2010. The vertical resolution is 100 m
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above 10 km and that the CloudSat-CALIPSO combination

underreports the cloud frequency below 2 km. We have

conducted a similar study here but have used data collected

at the SGP site from 2006 to 2010. The space-borne ver-

tical cloud frequency is defined in the same way as for

ground-based ARSCL data. The ARSCL product misses a

significant portion of high cirrus clouds compared to the

satellite products (Fig. 8), which is consistent with the

study by Protat et al. (2014). By contrast, the radiosonde-

based detection of high clouds agrees much closely with

the space-borne product. For lower clouds, radiosonde

retrievals agree well with the ARSCL product; both are

larger than the CloudSat-CALIPSO product. Analysis of

the latter discrepancy is beyond the scope of the current

investigation and will be addressed in a separate study.

4 Conclusions

As the most comprehensive field measurement facility

established by the Department of Energy’s ARM program

in north-central Oklahoma, the SGP site is well-equipped

with a large set of instruments. Three major types of cloud

vertical structure datasets are compared in this study, while

a cursory comparison was also made against a satellite

product. They include the ARSCL VAP generated using a

suite of ground-based remote sensing instruments, radio-

sonde-based detection of clouds that are available four

times a day, and NOAA/NCEP/GFS model output. Cloud

frequency, amount, and vertical distribution derived from

these three data sources were first inter-compared over a

10-year period (2001–2010). The 2B-GEOPROF-LIDAR

product derived from CloudSat and CALIPSO satellites are

also used in conjunction with the radiosonde and ARSCL

data to help understand the limitations of all cloud

products.

Cloud occurrence frequencies were compared on

monthly, annual and seasonal temporal scales, which

helped identify advantages and limitations of different

cloud data. All cloud retrievals show that clouds are pre-

dominantly located in the upper troposphere and within the

boundary layer. In general, radiosonde-based low-level

cloud retrievals capture the spatial patterns of hydromete-

ors reasonably well and follow the general features seen in

ground-based measurements; cloud-top heights are similar.

However, radiosonde-based and space-borne occurrence

frequencies of high clouds are close in magnitude and are

larger than ARSCL-derived results. Compared to radio-

sonde and ARSCL retrievals, fewer cloud layers are

detected by the GFS model within the boundary layer,

which is more obvious in summer than in other seasons.

The GFS-simulated upper peak in cloud occurrence fre-

quency tends to be larger in magnitude and located higher

in the atmosphere than peaks seen from observational ret-

rievals during all seasons. In terms of total cloud amount,

GFS-model simulations agree fairly well with the ground-

based remote sensing product. A large wet bias is revealed

in GFS-simulated RH fields at high levels in the atmo-

sphere. This issue should be addressed by modelers so that

simulations of cloud fields can be improved.
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