Evaluating NCEP GFS Cloud Properties Against Satellite Retrievals
1. Introduction
Clouds are recognized as main sources of uncertainty in predicting global weather and in estimating climate model capabilities (Stephens, 2005). The generation of clouds by general circulation models and their seasonal variations have long been compared with passive satellite retrievals (Zhang et al., 2005). The major shortcoming of this approach is that it is limited to only assessing the presence of cloud in the atmosphere. Recently, the A-Train satellite constellation (Stephens et al., 2002) added active remote sensing instruments onboard new satellites such as CloudSat and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) platform, making it possible to determine cloud vertical structure and to measure global cloud distributions. Comparisons between space-based lidar data (Dessler et al., 2006) and ground-based millimeter radar data (Naud et al., 2007) showed that cloud layers are more likely to be randomly overlapped in current global forecast system models.
Cloud microphysical and optical properties on a global scale vary widely from model to model. This study aims to evaluate cloud properties generated by NCEP’s Global Forecast System (GFS) model  through use of satellite retrievals of the same cloud properties, from CloudSat, CALIPSO, CloudSat-CALIPSO merged data, and Moderate Resolution Imaging Spectroradiometer (MODIS). Cloud properties such as optical depth (COD), liquid water path (LWP), ice water path (IWP), and cloud effective radius (Re) at high, middle and low levels in the atmosphere are the focus of this study and the prognostic cloud scheme used in the GFS model is also examined.
Multi-layer cloud configurations are of special interest in this study because 42 % of all cloud observations are classified as multi-layered (Poore et al., 1995; Wang et al., 2000).  Passive remote sensing from instruments such as AVHRR (Baum et al., 1995; Ou et al., 1996), the High resolution Infrared Radiation Sounder (Jin et al., 1996), and the MODIS Airborne Simulator (Baum and Spinhirne, 2000) poorly diagnoses cloud overlap. The novel retrieval method developed by Chang and Li (2005) takes advantage of multi-channel MODIS information to determine cloud optical properties for single-layer and overlapped clouds. Evaluation of cloud properties at various levels in the atmosphere as forecast by the NCEP GFS model can be performed using this new algorithm.
2. Data and methodology
2.1. –Satellite data
Data collected from the MODIS instrument deployed on the Terra satellite (overpass time, 10:30 local time) is used to investigate cloud properties. Every fourth day, starting with the second day of the month, for the months of January and July 2007 were sampled.  The instrument has 36 onboard calibrated channels/bands (0.415-14.24 µm) (Barnes et al., 1998) and in particular, MODIS Level 2B cloud product MOD06 (version Collection 5) is utilized in this paper. The MODIS cloud top properties (MOD06) product contains the following variables at two spatial resolutions (1 km and 5 km): cloud top pressure, cloud top temperature, cloud phase, cloud fraction, effective particle radius, and COD.  The cloud water path, effective particle radius, and COD of pixels at 1-km resolution are averaged over 1º X 1º latitude-longitude grid boxes and a monthly mean is calculated for each grid box. All cloud variables based on satellite retrievals, except for COD, are classified as high, middle, or low level according to cloud top pressure. A mid-level cloud is identified when the cloud-top pressure falls between 440 and 680 hPa (Rossow and Schiffer, 1999; Zhang et al., 2005).
Although MODIS observations are taken over the whole globe each day, data used in this study are sampled every fourth day of each month, starting with day 2 (i.e., day 2, 6, 10, 14, 18, 22, 26, and 30). This is necessary in order to balance disk space with reasonable global cloud distributions since synoptic weather systems change on the time scale of a week. Each 1º X 1º grid box contains a monthly average of  cloud fraction output from the Chang and Li (2005) algorithm (hereafter referred to as the C-L algorithm) using MODIS data based on a daily average. Cloud fractions are calculated as the numbers of pixels in a grid box corresponding to a particular cloud type (high, middle, or low) divided by the total number of pixels (including clear-sky pixels) falling in the grid box. Chang and Li (2005) reported that the MODIS cloud product algorithm substantially underestimates low cloud fractions when high thin cirrus cloud overlaps clouds located lower in the atmosphere. Due to the frequent occurrence of such overlapped clouds, this underestimate of lower-level clouds leads to a bias in calculating the radiative balance of the Earth, as well as biases in retrieving atmospheric and surface parameters. Passive sensors such as MODIS assume the presence of a single cloud layer so only the highest cloud top for single and overlapped clouds is determined. Lower-level clouds in multi-layered cloud configurations may be missed if this assumption is used. Furthermore, the optical depth of the topmost layer of cloud in a multi-layered cloud configuration can be overestimated due to the presence of optically thicker lower clouds. Using the C-L algorithm, 24 % more low clouds are retrieved under the cloud overlap scenario. At this point, more attention needs to be paid to the detailed cloud vertical structure or cloud distribution in different layers.
Recent advances in satellite remote sensing techniques allow us to investigate cloud vertical structure and their optical properties on a global scale. The NASA-supported CloudSat satellite was launched in April 2006, carrying the 94-GHz Cloud Profiling Radar (CPR) [Im et al., 2006]. The CALIPSO satellite can provide three-dimensional distributions of cloud using its two-wavelength polarization sensitive lidar designed to measure the vertical profiles of clouds. These two satellites are members of the A-Train afternoon constellation (Stephens et al., 2002) which flies in a tight orbital formation so that all instruments can probe the atmosphere within a few seconds of each other. Each satellite can function and collect data independently. The lidar is able to resolve clouds from very thin cirrus layers below 15 km to thicker cirrus layers located between 12 and 13 km while the radar is able to detect lower, more optically opaque cirrus and penetrate through much of deep convective clouds. The results of the merged lidar-radar data show the intermediate detectable sensitivity for depicting identified cloud layers between radar and lidar (Mace et al., 2009). This combined observation from radar and lidar is called CloudSat- CALIPSO merged data (hereafter referred to as the C-C product) and provides more detailed cloud vertical structure information. The Level 2B Geoprof-lidar product (CloudSat CPR + CALIPSO Lidar Cloud mask) for every day in January, April, July, and October 2007 was used to examine zonally averaged cloud layer occurrences. The instruments from which C-C data is derived have narrow fields of view so it takes 16 days to obtain data covering the whole globe. The C-C product provides information for a maximum of five cloud layers and includes cloud top and base altitudes. The zonal layer thickness frequency distributions of all layers in 4º latitude averaging regions and the global cloud layer occurrence frequency using this data is shown in Section 3. 

Cloud optical depth from the CloudSat Level 2B TAU product and cloud fraction from the CALIPSO product were also used in this study. These data were smoothed onto a 4º X 8º latitude-longitude grid for mapping, plotting, and global analyses. Comparisons between land and ocean, diurnal cycles, and statistical analyses are left for later studies.
2.2. Data – GFS model
GFS Grid 003 model data has a spatial resolution of 1º X 1º latitude-longitude and covers the whole globe. Model output at three-hourly interval forecast times (i.e., 03, 06, 09, 12, 15, 18, 21, 24 Z) from control time 00 Z are selected for January and July 2007. GFS model output fields include cloud cover, cloud top pressure and height, and cloud base pressure and height corresponding to cloud vertical levels (i.e., high, middle, and low). Layer top pressure is used to classify the type of cloud: high cloud (layer top pressure less than 350 hPa), middle cloud (layer top pressure between 350 and 642 hPa) or low cloud (layer top pressure greater than 642 hPa). The GFS cloud fraction product has four different cloud categories: high, middle, low, and boundary layer cloud. The low cloud fraction is calculated by applying the maximum overlap assumption between low level cloud fraction and boundary layer cloud fraction which determining the maximum low cloud fraction at a given grid point. All the results of this study are limited in latitudinal range from 60 N to 60 S. 
2.2.1. Cloud Fraction
The cloud fraction in a grid box in the GFS cloud scheme is computed using the approach of Xu and Randall (1996):
C = max[R0.25(1 - exp{-
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}), 0.0],
where q* is the saturation specific humidity and qcmin is a minimum threshold value of qmin. Depending on the environmental temperature, the saturation specific humidity is calculated with respect to water phase or ice phase. Clouds in all layers are assumed to be maximum randomly overlapped in the GFS model output (http://www.emc.ncep.noaa.gov/officenotes).
2.2.2. Cloud Optical Depth (COD), Liquid and Ice Water Path (LWP, IWP), and Cloud Effective Radius (Re)

Two methods are used to parameterize cloud radiative properties in the NCEP GFS model. The first method makes use of a diagnostic cloud scheme, in which cloud properties are determined based on model predicted temperature, pressure, and boundary layer circulation. Using the method proposed by Harshvardhan et al. (1989), the COD from the operational model is calculated as a function of mean temperature and pressure thickness of the cloud layer. This diagnostic scheme has serious shortcomings in the estimation of ice or mixed ice as well as other cloud optical properties so a prognostic scheme was introduced. This scheme uses cloud water condensate information to obtain much better estimates of cloud optical properties so was used in this study to obtain COD and Re.
The total column COD is calculated using the LWP and Re variables from the GFS model output. The LWP at each level is calculated from the cloud layer water mixing ratio. The total column COD for water cloud follows Chou et al. (1998):
τw = LWP(a1 + (a2 / rew))                                              (1)
where LWP is cloud liquid water path in units of g/m2, τw is the water cloud optical depth, and rew is the water cloud effective radius, and the coefficients a1 and  a2 are given in Chou et al. (1998).
Due to the lack of detailed information concerning the vertical distribution of the cloud liquid water path, the sum of each layer LWP is used to determine the cloud LWP for each cloud category. The GFS product contains variables at 21 vertical layers in the atmosphere. Between 1000 hPa (the surface) and 900 hPa, the vertical resolution is 25 hPa and increases to 50 hPa for the rest of the atmosphere. Note that it is necessary to separate cloud liquid water path from the total cloud water path according to cloud layer mean temperature (Tc). In this study, Tc is calculated as the average of temperatures at the top and bottom of the particular cloud layer. If Tc is less than -10 ºC, the cloud layer is defined as an ice cloud layer; otherwise, the cloud layer is defined as a water cloud layer. 
According to the NCEP model documentation, for water clouds, re is fixed at 10 µm over the oceans and over the land, re is defined as:



rew = 5.0 – 0.25 * Tc .                                                 (2)
For ice clouds, re is a linear function of temperature, decreasing from a value of 80 µm at 263.16 K to 20 µm at 223.16 K: 



rei = 1.5 * Tc – 314.74 ,                                              (3)
where Tc in equation (3) is in units of K. There is no retrieval when Tc is below 210.16 K.

The COD for ice clouds, τi, is calculated as:
τi = IWP(a3 + (a4 / rei)) ,                                            (4)

where IWP is the cloud ice path in units of g/m2 and rei is the ice cloud effective radius. The coefficients a3 and a4 are given in the GFS documentation. This method is similar to the water cloud COD calculation except for the retrieval of re. A total column COD is obtained by summing the CODs of all cloud layers at a grid point. 
The dependence LWP on total column COD is examined by comparing different satellite retrievals of this quantity with GFS model results corresponding to the three cloud categories. In addition, cloud thicknesses from GFS model output and satellite retrievals are compared. Note that monthly mean results are derived from averaging daily observations colleted during the daytime.
3. Results
3.1. Cloud Multi-Layer Occurrence Frequency
Figure 1 and Table 1 show the latitudinal distributions of zonal-mean cloud layer occurrence frequency obtained from the C-C merged data associated with single-layer and multi-layered cloud configurations. Cloud systems with two or more layers occur most frequently over the ITCZ and less frequently in the mid- or high latitudes. Table 1 shows that on a global scale, the frequency of single-layer clouds is 69.27 %, the frequency of two-layered clouds is 25.40 % and the frequency of cloud systems with three or more layers is 5.33 %. This is consistent with C-L algorithm results using MODIS retrievals where it was found that 27 % and 29 % cirrus overlapping lower clouds occur over ocean and land, respectively (Chang and Li, 2005b). The difference in two-layered cloud occurrences from passive and active sensors is due to footprint size, and the sensitivities of the instruments.
Table 1. Global occurrence frequency of single, two-layered, and multi-layered clouds from the C-C product in January, April, July, and October 2007.
	Number of layers
	Frequency (%)

	Single layer
	69.27

	Two-layered layers
	25.40

	Three or more layers
	5.33

	Average cloud layers : 1.37
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Figure 1. Latitudinal variation of zonal-mean cloud layer occurrence frequency in 6-degree latitude bins from the C-C product for single and two-layered clouds in January, April, July, and October 2007. The blue line and red line represent single layer clouds and two-layered clouds, respectively. 
Figure 2 shows the zonal layer thickness frequency distribution of all layers from the C-C satellite product and the GFS model. The zonal cloud layer thickness frequency of the GFS model data is generally less than the C-C product at high latitudes in both hemispheres and has a maxima in the tropical regions where there is deep convection. The GFS model tends to miss very thick clouds (layer thickness greater than 10 km) while the C-C product does not capture the presence of very deep convective clouds in the tropical regions. A persistent question regarding cloud vertical structure involves determining how many cloud layers, if any, are present below high clouds. Active remote sensing provides a means of tackling this issue. Many current GCM models, as well as the GFS forecast model, typically assume that when cloud layers are separated by clear air, the random overlap assumption is applicable. However, Figure 2 shows that application of this assumption would neglect sub-layer clouds as shown by satellite observations. Future work will delve into investigating cloud fractional overlap properties.
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Figure 2. The zonal layer thickness frequency distribution of all layers from the C-C product and the GFS model in 4º latitude averaging regions for January 2007.
3.2. Cloud Fraction


Two general cloud types exist in the atmosphere: low-level boundary clouds such as stratus, shallow cumulus, and stratocumulus (Kuettner 1971, Agee 1984), and high-level clouds resulting from synoptic weather systems (Starr and Cox 1985, Sheu et al., 1997). In general, output from the C-L algorithm show distinctive distributions of cloud fraction corresponding to the different cloud levels that is not seen in GFS model output (not shown here). 
Figures 3 and 4 show high, middle, and low cloud fractions obtained from CALIPSO, the C-L algorithm, and the GFS model for January and July 2007. Generally, the GFS model generates more high-level clouds and less low-level clouds than does the C-L algorithm during these two months (see Table 2). Mid-level cloud fractions are similar for all satellite retrievals/model results shown in Figures 3 and 4 but large discrepancies are seen in low cloud fractions. In particular, more boundary layer clouds over the interior continents were generated by the GFS model whereas satellite retrievals showed more low clouds over oceans. The GFS model tends to miss low, thin stratus cloud off the American west coast and thick, large-scale clouds associated with the mid-Atlantic storm track region. Three geographical regions were defined in order to identify the area that has the largest differences in cloud amount: tropical (20 ºS ~ 20 ºN), mid-latitude (20 ºN ~ 40 ºN, 20 ºS ~ 40 ºS), and high latitude (40 ºN ~ 60 ºN, 40 ºS ~ 60 ºS); results are given in Table 3. Differences are calculated by subtracting GFS results from C-L algorithm retrievals and the numbers in Table 3 represent zonally averaged cloud fractions in 2º latitude boxes. All GFS cloud amounts during summer and winter at high latitudes are greater than those from satellite retrievals. GFS-forecasted high cloud amounts in the mid-latitude region in January 2007 are greater than the high cloud amounts retrieved from satellite by 8.85 %; middle and low cloud amounts are less than those retrieved from satellite by 2.98 % and 28.47 %, respectively. Similarly, GFS-modeled high and middle cloud amounts in the tropics are greater than the high and middle cloud amounts retrieved from satellite by 10.52 % and 2.25 %, respectively; low cloud amounts are less than those retrieved from satellite by 23.58 %. Figure 5 illustrates these results. Low cloud fraction differences gradually increase from the Southern Hemispheric mid-latitudes to 60 ºS in both seasons; C-L algorithm retrievals show more low clouds near 60 ºN during July 2007. 
Table 2. High, middle and low cloud fractions obtained from the C-L algorithm and the GFS model for January and July 2007.

	
	C-L algorithm
	GFS

	
	January
	July
	January
	July

	High
	14.09 %
	14.68 %
	26.56 %
	27.29 %

	Mid
	19.93 %
	16.58 %
	20.27 %
	16.97 %

	Low
	50.42 %
	49.01 %
	39.06 %
	31.36 %


Table 3. Zonally averaged cloud fraction differences between the C-L algorithm and GFS model in January and July 2007. Difference is defined as the C-L algorithm results minus the GFS model results.
	
	January
	July

	
	40 º ~ 60 º
-40 º ~ -60 º
	20 º ~ 40 º
-20 º ~ -40 º
	-20 º ~ 20 º
	40 º ~ 60 º
-40 º ~ -60 º
	20 º ~ 40 º
-20 º ~ -40 º
	-20 º ~ 20 º

	High
	-18.05 %
	-8.85 %
	-10.52 %
	-17.14 %
	-9.93 %
	-10.77 %

	Mid
	-1.73 %
	2.98 %
	-2.25 %
	-3.61 %
	-0.25 %
	2.72 %

	Low
	-17.98 %
	28.47 %
	23.58 %
	-12.88 %
	33.04 %
	32.80 %
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Figure 3. Cloud fraction from CALIPSO, the C-L algorithm, and the GFS model for January 2007. Upper, middle, and bottom panels represent high, middle, and low cloud fractions, respectively.
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Figure 4. Same as Figure 3 except for July 2007.
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Figure 5. Zonally averaged cloud fraction differences for January and July 2007. Red thick line, blue dot-dashed line, and green dashed line represent high, middle, and low cloud amount differences, respectively. 
3.3. Liquid and Ice Water Paths


Cloud LWP retrieved during the daytime from MODIS measurements and calculated from GFS-modeled cloud water mixing ratios are utilized in this study. The MODIS algorithm uses three different channels, namely, 1.6, 2.1, and 3.7µm, to retrieve LWP, making this product more reliable than the Advanced Very High Resolution Radiometer (AVHRR) product which mainly depends on the 3.7 µm channel only. MODIS also provides total water path which can be separated into an ice water path or liquid water path corresponding to cloud phase. 

The GFS-modeled LWP is calculated using following equation:






LWP = q * ρ * Δz ,



(5)

where q is the cloud water mixing ratio in units of kg/kg, ρ is the density in kg/m3, and Δz is the geopotential height thickness in units of m. A fixed density of 1 kg/m3 is assumed for each layer and q is the average of values at the top and bottom of the cloud layer. 
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Figure 6. Liquid Water Path (LWP) from MODIS and the GFS model for January 2007. Upper, middle, and bottom panels represent LWP for high, middle, and low clouds, respectively.
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Figure 7. Same as Figure 6 except for July 2007.
The geopotential height thickness is calculated using the following relation:
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(6)
where ΔP is the pressure thickness of the layer in hPa, R is the gas constant for dry air, and T, P and g are the layer mean temperature, pressure, and the gravity at sea level.

Figures 6 and 7 show the spatial distributions of MODIS LWP and GFS-modeled LWP for January and July 2007, respectively. GFS-modeled LWP for high cloud was substantially smaller than that retrieved from satellite in January. For middle cloud, GFS and MODIS LWPs agreed well over South America and the southern parts of Africa, as well as the inter tropical convergence zone (ITCZ). In contrast, the North East coast America region, the East Asia area (120 º - 160 ºE, 20 º - 40 ºN) clouds were missed in GFS product compared to satellite retrieval. The LWP of low clouds from MODIS retrievals is significantly greater than that from the GFS model, particularly at the high-latitudes in the both hemispheres. Ice water path calculations were made in a similar manner. The cloud water mixing ratio variable from the GFS model is used and includes both liquid and ice contents which are differentiated using the mean cloud layer temperature (ice if Tc < -10 ºC). Figures 8 and 9 show the IWP estimations from MODIS retrievals and the GFS model for January and July, respectively. For high cloud, GFS-modeled IWP is smaller than MODIS retrievals east and west of the North American continent, over Europe, and over the high-latitude region (40 ºS ~) in the Southern Hemisphere during summer and winter. The spatial distributions of middle and low cloud IWP from model and satellite are generally comparable although GFS-modeled middle cloud IWP is missing over the high-latitudes of the both Northern and Southern Hemisphere.
Data obtained through passive remote sensing, such as MODIS data, still have shortcomings, such as assuming that cloud effective radius (Re) is vertically constant. A 0.031 mm magnitude of error between LWP calculated assuming a vertically constant Re profile and LWP calculated using a linear Re profile results, which is about 25 % of the mean value (Chen et al., 2008). Further studies are needed to get more accurate LWP or IWP retrievals using active remote sensing platforms such as CloudSat.
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Figure 8. Ice Water Path (IWP) from MODIS and the GFS model for January 2007. Upper, middle, and bottom panels represent IWP for high, middle, and low clouds, respectively.
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Figure 9. Same as Figure 8 except for July 2007.
3.4. Cloud Optical Depth

Figures 10 and 11 show comparisons of COD obtained from different sources. The upper two panels show CODs retrieved from the same sensor observations but with different algorithms; the left panel shows results from the C-L algorithm and the right panel shows results from the MODIS algorithm. The spatial distribution and magnitudes of COD from the two retrieval methods are similar. The advantage of the C-L algorithm is that additional information about a second cloud layer, such as cloud top pressure, temperature, COD, and emissivity is provided.
The spatial distribution of COD differs between the GFS model output and MODIS retrievals. COD from the GFS model in the high latitude regions of both hemispheres are much lower than those from MODIS retrievals and the GFS CODs are overestimated over South America and the Southern African region. The CloudSat radar is not as sensitive to thin cirrus and boundary layer clouds as is the CALIPSO lidar (Kahn et al., 2007). This can be seen in Figure 10 where CloudSat COD is underestimated over all areas of the globe compared with results from MODIS. CloudSat results were averaged over 4º X 8º latitude-longitude grid boxes because of the instrument’s narrow field of view. This study does not show COD from CALIPSO since the lidar is very sensitive to thin cirrus cloud and so any COD result would saturate when high clouds are present. The magnitude of COD from MODIS, CloudSat, and the GFS model ranges from 0 to 80; COD ranges from 0 to 5 for CALIPSO data, thus it is hard to compare each other. Interestingly, at high latitudes over Western Europe and Southeast Asia, large COD due to thick clouds are retrieved/forecast.
Figure 11 shows comparisons of COD in the summer month of July 2007. The maritime high-latitude storm track regions in the Southern Hemisphere are evident from the results of the C-L and MODIS algorithms, as are the presence of high-latitude continental convective clouds in the Northern Hemisphere. GFS-modeled CODs over South America and parts of Africa near the equator are overestimated; CODs in the Southern Hemisphere are much less than those from the C-L and MODIS retrievals. In addition, CloudSat CODs for July are generally smaller than those for January.
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Figure 10. Total cloud optical depth from the C-L algorithm (upper left panel), MODIS (upper right panel), the GFS model (lower left panel), and CloudSat (lower right panel) for January 2007. 
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Figure 11. Same as Figure 10 except for July 2007.

Figure 12 shows mean COD from MODIS, the C-L algorithm, CloudSat, and the GFS model, averaged over 4o latitudinal bands for July 2007. Two peaks in COD from MODIS and the C-L algorithm are located near 40 ºS and 10 ºN and have magnitudes of 33 and 15, respectively. These features contribute to the maximum in COD at mid-latitudes in the Southern Hemisphere and in the tropics in the Northern Hemisphere. Zonally averaged COD from CloudSat retrievals are generally much smaller than the other retrievals/model results. Underestimation of zonally averaged COD poleward of 20 oS is seen from GFS model output; mean GFS COD in the Northern Hemisphere is overestimated and fluctuates much more than the other zonally averaged CODs. 
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Figure 12. Latitudinal variations of mean zonal COD for July 2007. The red thick line, blue dashed dot line, green dashed line, and light blue dot line correspond to MODIS, C-L algorithm, CloudSat, and GFS results, respectively. 
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