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Introduction

It is recognized that the most fundamental cloud property is whether there are clouds present, and if so, to what amount. From the ARM prospective, how the "cloudiness" is defined depends on the point of view with which one is measuring this amount. From the surface, we produce estimates of "fractional sky cover" (the angular amount of the hemisphere in which clouds are present) from the WSI, TSI, and the SW Flux Analysis VAP. There have been attempts to use time series of MMCR, MPL and other vertically pointing, NFOV instruments to estimate cloud fraction (the 2D representation of orthogonal, or 3D, cloud amount). However, the representativeness of even local scale cloudiness from analysis of time series from NFOV instruments is known to be inversely related to the amount of time used to determine the "cloud fraction", thus is of limited use for shorter time scale studies. The view from geostationary satellite is in effect somewhere in between these two definitions, primarily due to the distance from the Earth's surface. 

It is also desirable to investigate any possible diurnal differences in cloudiness. Past studies (Long et al., 2001) have indicated good agreement between at least the WSI and TSI retrievals of sky cover during daylight hours. The ARM WSI processing has recently included the ability for nighttime sky cover estimates using the occultation of 100 stars scattered across the sky. But the question then is raised: What relationship and/or increased uncertainty is produced by having at least an order of magnitude less "data points" with which to determine sky cover compared to the daylight retrievals? Is the nighttime uncertainty larger than or equal to the day/night diurnal differences, thus precluding a diurnal assessment? One imagines a diurnal assessment, at least on monthly or seasonal time scales, might be adequately addressed by time series analysis of vertical NFOV measurements. But current research activities such as the BBHRP VAP need cloud amount information on far shorter time scales, less than 15 minutes for the "Instantaneous" mode of the VAP. 

Recently, other methods of determining cloudiness have been or are being developed that are intended to operate both day and night. These instruments are based on using infrared radiation measurements. In particular, these instruments have the advantage that they can possibly retrieve cloudiness estimates during the "transition periods" near sunrise and sunset that the WSI retrieval methodology cannot. However, an assessment of these newer IR-based instruments, and a comparison of these various means of estimating cloudiness, is needed to understand the effectiveness and relationships between these various systems and methodologies.

Proposal:

The ARM SGP Central Facility already routinely operates a WSI, TSI, upward pointing IRT, MMCR, MPL, MWR, Ceilometer, and broadband radiometers. The "cloudiness" information available from these instruments is listed in Table 1.

	Instrument/VAP
	Type


	Cloudiness Measurement
	Day/both

	WSI
	Sky imager
	Sky cover
	Both

	TSI
	Sky imager
	Sky cover
	Day

	IRT
	Vert. NFOV
	Time series cloud fraction
	Both

	MWR
	Vert. NFOV
	Time series cloud fraction
	Both

	ARSCL VAP
	Vert. NFOV from MMCR+MPL+VCeil
	Time series cloud fraction
	Both

	SW Flux Analysis VAP
	SIRS/BRS Irradiances
	Sky cover
	Day


Table 1: Instruments and VAPs available at the SGP Central Facility that provide cloud detection information.

Three additional instruments are available for evaluation: a Nephelo, a prototype ICI, and a prototype "scanning IRT". 

1) The Nephelo is an instrument being produced by Université du Maine that uses 7 infrared detectors mounted on an azimuthally rotating curved band. The data are then analyzed to produce estimated of fractional sky cover. The developers had a booth at this past year's ARM Science Team Meeting with a Nephelo on display. The developers plan to display a Nephelo at the upcoming AMS meeting (9-13 February, 2003). Discussion during the ARM meeting, and subsequent communication, has resulted in their agreement to deploy a Nephelo at the SGP CF for 2 months after the 2003 AMS meeting as a field test and for ARM evaluation. They have graciously agreed to provide the Nephelo for this period, will ship it to and from the SGP, and communicate with on-site personnel (likely Dr. Long) to get it set up and operational, all at no charge. In addition, they have agreed to analyze the data (done on-board) and supply the cloudiness estimate data to ARM. The only requirement for ARM will be the monitoring of the instrument during its deployment at SGP, and possible occasional simple maintenance or troubleshooting assistance. [Should this entire IOP proposal not be approved, at least due consideration should be given to allowing the Nephelo to be deployed as a highly cost-effective instrument evaluation.]  For more information about the Nephelo, see http://www.groupe-leader.fr/US/genetech.htm)

2) Dr. Joe Shaw of Montana State University has developed a prototype Infrared Cloud Imager (ICI) instrument. The ICI has been deployed at the ARM NSA site for field-testing and evaluation, and seems to have performed reasonably well for a "first deployment" in harsh conditions. There is some question of the effectiveness of the ICI under warmer conditions with larger column water vapor amounts and the occurrence of higher, more moist nighttime relative humidities. The potential of this instrument is great, though the current prototype has a limited (~ 35 degrees full angle) FOV. Nevertheless, an assessment of this capability under mid-latitude conditions is needed for the determination of actual potential for cloud detection and amount determination. In addition, the wider FOV (compared to the NFOV instruments) might lend itself to a "better" time series cloud fraction estimate, at least for shorter time scales. Estimated costs for deployment of the ICI for the IOP are about $9K, which includes travel, set up, remote operation, and data processing. Dr. Shaw's time is already covered under other ARM funding. Altogether, this amount is a quite reasonable cost. 

3) Dr. Chuck Long is currently investigating the utility of scanning a NFOV IRT over an arc of about 30 - 45 degrees on either side of vertical, or possibly in a circular pattern with a radius of 30 - 45 degrees from vertical. The primary intent is to attempt to infer cloud base temperature while at the same time working to overcome the limits of only a vertically pointing NFOV instrument as far as areal coverage. One can cover a larger view of the sky with a wider FOV IRT. However, under broken sky conditions this may well result in there being both cloud and clear sky in the FOV at the same time, giving a temperature reading that is representative of neither. It is hoped that by scanning a NFOV IRT and analyzing the data from high frequency sampling, a better determination of cloud base temperature, as well as the detection of multiple cloud layers, might be possible. Then, similar to a time series analysis of only vertically pointing NFOV instruments, time series analysis of the scanning data might produce a time series cloud fraction that better represents a local scale, or shorter time scales. It is proposed that, in addition to the standard ARM IRT currently operating at the SGP CF, that if possible an ARM spare 30 degree FOV IRT (the model ARM uses facing downward from a tower for making surface skin temperature measurements) be operated in vertical mode as a comparison. The costs for deployment and operation of the scanning IRT would be covered by the costs of participation by Dr. Long as IOP Principal Investigator, which is primarily for travel expenses. Analysis of the data would be covered by current ARM funding. 

Similar to Table 1, the "cloudiness" information available from these guest instruments is listed in Table 2.

	Instrument
	Type


	Cloudiness Measurement
	Day/both

	Nephelo
	Scanning IR
	Sky cover
	Both

	ICI
	IR Sky imager
	35 degree FOV Sky cover/ time series cloud fraction
	Both

	Scanning IRT
	NFOV scanned across 60 - 90 degree arc
	Time series cloud fraction
	Both


Table 2: Guest instruments available for the proposed IOP at the SGP Central Facility that provide cloud detection information.

It is proposed to conduct the IOP for a period of 2 months, starting in mid-February, 2003. This time period is primarily dictated by the availability of the Nephelo and ICI systems. Since the IOP involves comparison between guest and ARM standard instruments, it is critical that the ARM instruments listed in Table 1 be operational and operating well during this period. 

Science

One of the primary purposes of the IOP is to assess the performance and capabilities of the Nephelo, ICI, and scanning IRT systems, particularly with respect to nighttime retrievals. However, this is not necessarily a straightforward endeavor. One fundamental reason is the recognition that there is not any available "truth" on what is and is not a cloud, and therefore what is the "true" cloud amount. Thus we are left with comparing between the various methodologies for detecting cloud presence and inferral of cloudiness to see how well they agree and the conditions related to that agreement. The comparison between the WSI and TSI sky cover discussed in Long et al. (2001) shows that at least during daylight periods the WSI and TSI tend to agree very well as to cloudiness. This is also true of the sky cover estimates from the SW Flux Analysis VAP, since the methodology was derived using TSI data as "truth". But it is recognized that the ARM MMCR does not detect thin cirrus above about 15 km. The ARM MPL can detect thin cirrus above 15 km if there are no significant lower intervening clouds present. But whether the WSI, TSI, or SW Flux Analysis VAP would call this MPL- detected high, thin cirrus a "cloud" depends on the cloud optical properties (primarily optical thickness), with the understanding that the thresholding used in the MPL retrievals is more sensitive than the sky imagers or VAP thresholding. Another question is do the retrievals based on IR radiation, which is highly sensitive to any condensed water in the column, well relate to the WSI/TSI retrievals; and can they detect the high, thin cirrus? 

Thus, as part of the IOP, several fundamental questions must be addressed that are vital to the ARM mission. These questions include:

1) What are the differences across these instruments on what is and is not detected as "cloud", and under what conditions? Various studies using ARM data have been published concerning clouds, their effect on the radiation, and their climatological statistics. However, these various results have used differing data as the cloud information. How much are the statistics and results dependent on the cloud methodology/instrumentation used? We will address this question during the analysis and comparison of the IOP data. This question might be summarized as the determination of what is "truth" for each system/methodology, and how do the "truths" relate.

2) Related to the first question: how well, on what time scales, and under what conditions do a time series of vertically pointing NFOV data well represent a cloud amount for what spatial scales? We are here primarily interested in a local scale surrounding the SGP Central Facility, thus will not address larger (for example GCM) scale issues. Directly relevant to the development of the BBHRP VAP, this local scale question must be addressed. The vertical distribution of cloud microphysics is derived from the ARSCL VAP output, but comparison to surface radiation measurements (most importantly for the instantaneous portion of the VAP) is also highly dependent on the local cloud amount and distribution across the sky. The relevant cloud input to the BBHRP VAP must be determined on time scales of a few minutes or so for viable comparisons to surface measurements. Some discussion has occurred for at least using sky imager or SW sky cover retrievals to "screen" for agreement with an ARSCL time series. The reasoning is that if the two do not well agree, can we be sure that the vertical cloud property retrievals from ARSCL actually represent the cloud properties present across the local scale that are affecting the surface radiation measurements? As a basic approach, we can screen the data and only compare the BBHRP surface radiation output for those times when we are fairly sure the "pencil beam" properties well represent the local scale. But this practice will likely mean the loss of most of the possible data we could use to verify the BBHRP retrievals. The IOP analysis of this question should allow us to perhaps better understand the "pencil beam" to local scale relationship, and possibly lend some help to the BBHRP development effort.

Another aspect of this question is the relationship between "sky cover" and "cloud fraction". A time series of ARSCL is most closely related to a "cloud fraction". A 160 or 180 degree FOV retrieval of "sky cover" has only some relationship to "cloud fraction" because of the mapping distortion from "hemispheric" effectively onto a "flat circle", and the viewing of the sides of clouds away from zenith in the images. The effect of this last is directly related to the cloud vertical-to-horizontal aspect ratio, which can vary considerably even over time scales as short as 5-15 minutes. 

Drs. Long and Evgueni Kassianov of PNNL are currently looking into the sky cover to cloud fraction relationship using Monte Carlo simulations of broken cloud fields. Preliminary findings suggest that for a 15-minute average of well sampled sky cover (1-second for SW and 30-second for the TSI), there is a close relationship between "sky cover" and "cloud fraction" for a FOV of about 90 to 120 degrees, depending on conditions. These results, however, are necessarily derived from randomly distributed and sized "model" cloud fields that only bear a certain amount of resemblance to real sky conditions. The planned IOP, though, will have the means to directly test these results using actual clouds and sky conditions. The WSI retrievals include "sector" retrievals that can be analyzed to produce a "sky cover" for a 90 degree FOV. The ICI prototype has a roughly 35 degree FOV. The TSI has the capability for a user-defined FOV retrieval for a circular area centered at zenith. This "zenith circle" is currently operationally set for a 20 degree FOV, intended for comparison to vertically pointing NFOV instruments. But for the duration of the IOP, a "guest" TSI could be deployed that could have the overall retrieval limited to a 120 degree FOV, and the "zenith circle" FOV limited to 60 degrees. The IOP would then produce time series of sky cover retrievals for NFOV (ARSCL), and 20, 35, 60, 90, 120, 160, and 180 degree FOVs. Analysis of the agreement through time, and for varying averaging times, as the FOV increases will give an indication of the average FOV for which the agreement diverges. This analysis will then test the validity of the Monte Carlo results. 

3) Are these instruments/methodologies "good enough" to address the diurnal question? This is, after all, one of the primary drivers of the desire for nighttime cloudiness information. As mentioned in the introduction, the WSI determination of nighttime sky cover raises questions about the relationship of the WSI day and night retrievals. The methodologies used in WSI processing for day and night detection of cloud presence are fundamentally different in approach. In addition, the use of only 100 points to estimate a total sky cover has to involve some uncertainty due to the angular areas in the hemisphere between the known points. Do these differing day and night retrieval methods call the same conditions a "cloud"? And what is the added uncertainty due to the "interpolation" from 100 points to the representation of the whole sky? Is this level of uncertainty greater than or equal to typical day/night differences in cloud amounts?

To answer these questions, we propose to take the following analysis approach.

a) Concentrate on understanding the relationship between the various determinations of cloud amounts during daylight hours. Virtually all the instruments/methods we will be using operate during daylight. Good agreement has already been shown for the daytime WSI, TSI, and SW sky cover amounts. How well do the IR instruments compare to these, particularly the WSI, during daylight? Especially, compare the ICI to the 90 degree FOV portion of the WSI retrievals (closest FOV match) and the Nephelo to the 160 and 180 degree FOV WSI retrievals.

b) Compare the relationship between the various determinations of cloud amounts during nighttime hours. Do the nighttime relationships resemble the daylight ones? Of particular interest is a comparison of WSI and IR-based nighttime retrievals, using the same FOV matching as in the daylight comparisons. Determine if and how the relationship changes between the WSI and ICI or Nephelo results for the daylight and nighttime comparisons. 

c) For a sample of daylight WSI retrievals, pick a sub-set of the pixel retrievals to correspond with the nighttime "100 star points". Use the same "interpolation" technique as applied in the WSI nighttime retrieval algorithm to estimate a hemispheric sky cover amount from these "100 points". Compare the interpolated result to the full daylight retrieval result.

The results of the above three steps can be used to help understand the WSI day/night retrieval differences, and help quantify the additional uncertainty in the WSI night time retrievals. The uncertainty assessment can be divided into that portion related to the "100 points to hemispheric" interpolation, and that portion related to day/night cloud detection and retrieval differences. In addition, information on the abilities of the various instruments/methodologies to compare day and night cloudiness will be determined, and some sense of what the diurnal cloudiness differences are will be noted (at least for the two months of the IOP). This last will then allow some understanding of how well we might further investigate the diurnal cloudiness using the standard ARM instrumentation, or perhaps indicate that our current abilities are not up to the task in specific for the shorter (few minute) time scales necessary for the BBHRP VAP.

Additional Studies

During the initial presentation of the Cloudiness Intercomparison IOP proposal to the various ARM Working Groups, some additional ideas for participation and studies materialized. These ideas since have resulted in the addition of three additional efforts:

1) Dr. Ed Westwater proposed that the CIC IOP would be a unique opportunity to study hemispheric variability and sensitivity of the ARM-style microwave radiometers. The primary goal is to derive the spatial distribution of liquid water clouds during the IOP from ARM MWR’s. The plan is to field two MWRs in addition to the operational SGP CF MWR. One of the additional MWRs will scan continuously in the same vertical plane as the operational MWR “tipcals”. The second will scan continuously in a direction orthogonal to the other two. We note that the operational MWR should not deviate from its usual mode of operation, i.e. it should primarily measure in the vertical. The additional two MWRs should be placed as close as possible to the operational MWR, but free from obstructions ±3 air masses. In addition, all MWRs should be as close as possible to the other sky and cloud imagers and other instruments fielded as part of the IOP. One other source of information that would be of great benefit is the background thermodynamic products produced by the CPMWG.

Having these three MWR data also affords some unique analysis opportunities. For instance, we will be able to compare different “tipcal” algorithms to determine the effects of the particular algorithm used. We can also combine and compare these data with data from multiple sources, such as the MMCR/MPL ARSCL cloud products algorithm, and the AERI. 

2) One of the more immediate synergies of the IOP is with the BBHRP VAP. The ‘instantaneous’ mode of the BBHRP VAP requires input on local scale cloudiness, since this mode is associated with the spatial and temporal scale of the Central Facility of the SGP site and each individual sonde launch, respectively. In this VAP, longwave and shortwave radiative transfer calculations are compared to associated radiometric measurements for both clear and cloudy conditions, with the temperature and water vapor profiles used in the calculations derived based upon the sonde measurements. Currently the cloud properties are derived from a 20-minute average of output from the ARSCL VAP.

As part of the Cloudiness IOP, the BBHRP will be used to help develop the “best” means to specify the local scale cloudiness for input into the model. This exercise involves not only specifying the vertical and horizontal cloud field characteristics, but fundamentally to help define the limits between what is and is not a “cloud” as far as the model influence on the downwelling SW and LW fluxes at the surface. For selected cases the BBHRP structure will be used to evaluate alternate specifications of the cloud fields based upon their impact on the measured surface radiation, with the level of agreement with the measured longwave and shortwave irradiances providing the metric used in this evaluation.

3) Drs. Kassianov and Long will test a methodology for inferring cloud base height. To estimate cloud base height, we plan to use sky image sequences from two TSIs separated by a distance of about 0.5 km. The method involves two “cloud decision” images obtained simultaneously from two closely located instruments that are matched up by statistical analysis. The result of this analysis is the determination of the overlapping area of two adjusted and partially overlapping images. By the overlapping area we mean the portion of cloudy sky viewed by these two instruments simultaneously. We compute the cloud base from knowledge of the overlapping area, distance between the sky imagers, and their field of view. It should be emphasized that we do not need to figure out what kind of a cloud field (e.g., number of clouds, their individual shapes, etc.) is in the overlapping area of the images. We only need to know what portion of the two images overlap regardless of the cloud type. This is the primary distinguishing feature of the suggested methodology that makes it so much simpler than previous attempts. Recall that all previous attempts needed to determine some cloud features in adjacent images. This additional study necessitates the deployment of an additional sky imager. For this, Dr. Long will deploy the original Hemispheric Sky Imager, the prototype that proved the concept for commercial development of the TSI.

Participants list:

Principal Investigator: Dr. Chuck Long, PNNL

Will be responsible for the IOP Science Plan and planning, monitoring operations during the IOP itself, and monitoring of the data analysis and comparisons progress.

Additionally will deploy, operate, and analyze data from scanning IRT, and guest TSI and HSI instruments. 

Dr. Joe Shaw, Montana State University

Provider and operator of ICI, responsible for deployment, operations, and data analysis

Dr. Didier Gillotay, Institut d'Aeronomie Spatiale de Belgique, Brussels, Belgium; 

And Thierry Besnard, Université du Maine, Le Mans, France
Provider and operator of Nephelo, responsible for deployment, operations, and data analysis

Dr Iliana Genkova, PNNL

Participant, responsible for data analysis and comparisons, cooperative deployment and operations of Nephelo.

Dr Evgueni Kassianov, PNNL

Participant, responsible for data analysis and comparisons of the separated sky imagers to test/infer cloud base heights.

Drs. Ed Westwater, CIRES/NOAA; and Vic Morris, PNNL

Participant, responsible for dual scanning MWR portion of the experiment, including operations monitoring, data analysis, and comparisons.

Dr Eli Mlawer, AER

Participant, responsible for aspects related to the BBHRP VAP and modeling.
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