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1.0 Introduction
At any location, cloud cover is known to change throughout each day, but with roughly repeatable patterns between early morning, noon, and late afternoon, seasonally, and depending on whether the clouds are over land or water. Previous studies observed significant diurnal cycles over land masses that are correlated with solar heating [e.g., Bergman and Salby, 1996; Chen and Douze, 1997; Cairns, 1995] with highest values occurring near local noon away from coastal areas.  Over oceans, the maxima were found in the morning corresponding to fogs that dissipated with increased solar heating. Wylie and Woolf [2002] found that diurnal cycles in high altitude clouds tend to have maximum amounts in the late afternoon since their mechanism of formation is different than the lower clouds.  Some coastal areas experience cloud increases in the afternoon (e.g., Florida) that are associated with thunderstorms, and others have morning fog and haze (e.g., the southern California coast).  Ocean areas frequently have maximum cloud cover during morning hours from low-altitude marine stratus clouds that evaporate during the day from increasing solar irradiance [Wylie, 2008].  Different ocean areas (e.g., Atlantic vs Pacific Oceans) and different land areas (e.g., mountain regions vs. plains areas) show different diurnal cycles. Diurnal changes in cloud cover are frequently studied using IR wavelengths from polar orbiting and geostationary satellites.  Polar orbiting satellites have the problem of only twice per day sampling using infrared wavelengths on ascending and descending orbits.  To overcome this problem, the International Satellite Cloud Climatology Project (ISCCP, Rossow and Schiffer, 1999) used available geostationary and polar orbiting satellites to obtain the required observations.  Wylie [2008] gives a summary of the diurnal variability of clouds for different regions as observed from a mixture of geostationary and polar orbiting satellites and from the observations from the ISCCP data set [Rossow and Shiffer, 1999].

This paper presents an alternate approach to IR satellite observations of diurnal cloud cover using the 30-year data record (1979 – 2008) from ultraviolet channels of the Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) and Solar Backscatter Ultraviolet (SBUV), the NOAA SBUV-2 series of instruments, Sea-viewing Wide Field-of-view Sensor (SeaWiFS), and the Ozone Monitoring Instrument OMI onboard the AURA spacecraft (see Table 1).

	Table 1 Satellite Instruments used for this Study

	Operational time period
	Satellite name
	Coverage & comments

	1979 - 1993
1979 - 1990
	Nimbus-7/TOMS (N7T)

Nimbus-7/SBUV (N7S)
	Full global coverage every day (TOMS).  Only a few missing days from 1980 to 1992. Near noon orbit.

	1985 -2008
	SBUV-2 Series (N-9, N-11, N-14, N-16, N-17, N-18)
	Nadir viewing only. Only a few missing days. All but N-17 & N18 have precessing orbits from 6am to 6pm LST.

	1997 -2008
	SeaWiFS (SW)


	Daily global coverage.  The 412 nm reflectivity produced using the TOMS retrieval algorithm. Noon orbit, moved to 1:30pm to join A-train.

	2004 -2008
	Ozone Monitoring Instrument (OMI)
	Daily global coverage with very few missing days. 1:30 PM orbit.


2.0 Instrumentation 

The measured UV radiances data from the satellite instruments briefly described in Table 1 have been combined to match the 1.1 nm wide, full width, half maximum (FWHM) 340 nm UV channel from the SBUV-2 series. An exception is the radiance data from SeaWiFS (SW), which has a 10 nm wide channel FWHM with 412 nm as its nominal center [refs-toms/sbuv,seawifs users guides].  Use of the 340 nm UV wavelength is well suited for cloud plus scattering aerosol studies, since the background surface reflectivity is low (~3 – 8 RU over land and 3 – 6 RU over water, where 1 RU = 0.01 reflectivity  = 1% reflectance back into space) and only changes slightly with season except where there is snow or ice. The reflectivity is defined in terms of the Lambert Equivalent Reflectivity, LER [Herman et al., 2009] derived from radiances measured at the top of the atmosphere after removal of the Rayleigh scattering component. 
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	Figure 1 Equator crossing times of the satellites indicated in Table 1.




The LER has previously been used for cloud trend studies using radiance data from Nimbus 7 TOMS (1979 – 1992) [Herman et al., 2001] as well as SeaWiFs (1997 – 2008) [Herman et al., 2008].  A brief description of the 30-year joined reflectivity data set, obtained by simply averaging overlapping data, is given in Herman et al. [2008].  The precessing orbits of the NOAA satellites (figure 1), compared to overlapping near-noon orbits, give us the opportunity to measure the average behavior of 340 nm LER throughout a daylight cycle.  The combination of overlapping sun-synchronous and drifting orbits is used to study the diurnal change in cloud cover over land and oceans.   
The LER data used in this study are from three types of satellite instruments. The first type is derived from the SBUV series of nadir viewing spectrometers with a 180 x 180 km2 field of view (FOV) and 1.1nm wide spectral resolution centered at 340nm. These take about one week to provide full global coverage. The second type derive from the cross-track scanning TOMS instruments with a native resolution of approximately 50x50 km2 at nadir, expanding to about 100x200 km2 at the extreme off-nadir scan positions (53o) with daily global coverage. The third type, SeaWiFS ( = 412±5 nm) and OMI (330 – 500 ±0.2 nm), have daily global coverage with higher spatial resolution, 4 x 4 km2 and 13 x 24 km2, respectively. All of the data used in this study use near nadir FOVs and are spatially aggregated to mimic the SBUV 180 x 180 km2 resolution. The SeaWiFS 412±5 nm reflectivity must be converted to the equivalent 340±0.55 nm SBUV/2 reflectivity using the spectrally resolved OMI data.
3.0 Satellite Calibration

The TOMS and SBUV/2 series of instruments were extensively calibrated in the laboratory prior to integration on the spacecrafts.  The pre-launch calibration procedures include measuring and defining the monochromator wavelength scale, electronic gain ratio, nonlinearity, radiance and irradiance sensitivity, solar diffuser reflectivity, and diffuser angular dependence.  The radiance and irradiance calibration are traceable to NIST FEL standard lamps and diffuser bidirectional reflectance distribution function (BRDF) standards.  The solar irradiance measurements share the same optical path and electronics as the earth radiance measurements, except for the deployment of a diffuser to reflect solar radiation into the nadir-viewing aperture.  Since the backscattered albedo (ratio of measured earth radiance to solar irradiance) is the quantity used in this study, changes in monochromator sensitivity should cancel out, and the impact of uncertainties in the lamp irradiance standards and the absolute photometric calibration are minimized.  The accuracy of the albedo calibration is primarily governed by BRDF standards for the laboratory reference diffuser used in the radiance calibration, and the characterization of in-flight diffuser reflectivity changes (drifts) using the on-board Hg lamp.  Measurements of Antarctic and Greenland snow/ice radiances are also used for validation of 340nm albedo calibrations and for establishing long-term precision. This technique makes the assumption that the wide-area average snow/ice reflectivity does not change.  Time dependent corrections derived from these measurements are applied to the SBUV/2 and TOMS instruments. Based on ice radiance and clear-sky ocean measurements, the satellite-to-satellite precision of the 340nm LER measurements are on the order of ~1% at low reflectivity values (below 20RU) and 1-3% at high reflectivity values (80-100RU).
SeaWiFs has been calibrated using a completely different process known as the vicarious method of calibration primarily based on in-situ measurements from the MOBY station near Hawaii. The difference in albedo values between 412 nm and 340 nm are due to vegetation on land and chlorophyll and CDOM effects over the oceans. Analysis of these differences shows that there is a mean bias of approximately 2RU between the SBUV/2 and SeaWiFs reflectivity measurements.  For this study, a constant 2RU has been added to all the SeaWiFs LER values.
4.0 Examples of 340 nm LER

Because of the low surface reflectivity values over land and oceans, usually between 2 and 6 RU (figure 2) and only a small surface seasonal variation, almost all of the daily and seasonal change in 340 nm LER is driven by clouds and aerosols. The backscattered radiance measurement used to calculate the LER combines the effect of cloud fraction, cloud optical depth, and aerosol optical depth in terms of radiances reflected back to space from all types of cloud and aerosol cover. Most aerosols scatter UV radiation with little or no absorption, with the exception of absorption caused by large smoke and dust plumes that occur annually in localized regions.
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	Figure 2:  Surface reflectivity measured at 340nm (from Herman & Celarier, 1997) from 13 years of Nimbus-7 TOMS measured radiances.



When the 340 nm observations are made with the TOMS instruments that obtain daily global coverage, the LER clearly represents cloud patterns (see Figure 3). These data were obtained from Nimbus-7 TOMS on September 7 showing clear cloud patterns near noon.  To examine the diurnal behavior of LER, data from satellites with non-noon orbits were compared with those having near-noon orbits (see figure 1). The LER data are broken into land and ocean zonal averages.
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	Figure 3 The daily 11:30 LER observed by Nimbus-7 TOMS on September 3, 1979


When the LER data are combined into zonal and annual averages for the satellite instruments listed in Table 1, the distribution of LER with latitude is shown in Figure 4, with minimum values at the equator and maximum values at high latitudes. In the Northern Hemisphere (NH), the higher values are partially caused by snow and ice on the ground during winter months. However, in the Southern Hemisphere (SH), the high values between 50oS and 70oS are entirely caused by clouds over mostly ice-free oceans. The local maximum at 5oN is associated with the large El Nino events after 1996. Notice the good agreement between all the different instruments indicating that the calibrations applied to each instrument are extremely robust, as any error would be seen as disagreements at either high or low reflectivity values (high or low latitudes).   [remove EP toms??] 
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Figure 4  The zonal average reflectivity data from SBUV-2, OMI, N7-TOMS, and SeaWiFS (412 nm) for their various years of operation. 


5.0 Methodology and Results:

Each individual LER measurement was collected and time-stamped with local solar time (LST).  The data taken from each satellite were placed into 5 degree zonal means calculated for land and oceans separately.  Data were then placed into 5 minute average bins and smoothed with an 11 point boxcar smoother and plotted as a function of LST as shown in figure 5. The data show a clear diurnal change in measured LER as well as extremely good agreement between satellite data sets.  Small errors in absolute calibration may still exist, but they are much smaller than the measured diurnal changes. The dashed line represents the smoothed average LER of the ensemble of satellites.  Figure 5 shows that the peak-to-peak LER changes over land and oceans are quite similar but that the morning-to-afternoon asymmetries are different with the higher cloud amounts occurring over the oceans in the morning and over landmasses in the afternoon.  
Over water at the low latitudes, there is a persistent low mist and fog in the morning due to high relative humidity from low air temperatures and high dew point temperatures from ocean spray.  Towards noon, as the air temperature rises, the low level mist and fog decreases as the relative humidity decreases thus resulting in the lower reflectivity values.  In the late afternoon and evening, as the air temperatures continue to rise, afternoon convection leading to widespread cumulus and cumulonimbus cloud production results in the higher reflectivity values.  A similar effect can be seen in the land measurements due to high early morning dew points over predominantly jungle vegetation, particularly over the Amazon region of South America.  A similar clearing effect to that over the water is seen towards noon as the air temperature rises. In the late afternoon significant cumulus convection occurs.
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	Figure 5 shows the changes in LER as a function of time-of-day for land (panel A) and for ocean (panel B) from ~6am to 6pm local time for a 5 degree band from 10 to 15 degrees south.  Due to the orbital dynamics of the NOAA series of satellites, they never passed through a noontime orbit, thus limiting their measurements to approximately 6:00-10:30 am and 1:30-6:00pm.  The noontime measurements were made by Nimbus 7 TOMS and SBUV (black lines) as well as SeaWiFS (red line).
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	Figure 6 shows the same as figure 5, but for 25-30 degrees North


At the middle northern latitudes over land, the air tends to be dryer and the reflectivities in the morning and towards noon tend to be low with generally clearer skies and lower dew points than seen in Figure 5.  Towards late afternoon and evening, as the land heats up and air temperatures rise, cumulus convection produces more clouds which result in the higher reflectivity values seen over land.  Over water, the reflectivity pattern is a result of similar circumstances to that seen in the low southern latitudes:  high dew points from ocean spray and low air temperatures in the morning producing high reflectivities, clearing towards noon as the air temperatures rise producing lower reflectivities, and cumulus production in the late afternoon and evening resulting in higher reflectivity values.

The smoothed averaged data for the 5 degree latitude bands over oceans from 60 South to 60 North are shown in Figure 7 a & b.  As one moves towards the poles, the increasing amount of cloudiness is apparent but the general shape of the diurnal cycle remains relatively constant. Both hemispheres exhibit almost the same increase in zonal mean cloud amount with the exception of the northern tropics (equator to 10 north) which shows significantly more cloud cover than the southern tropics. The relative change between morning and noontime LER is on the order of 2-4 RU which can be significant more in the tropics (10-20%) as compared to the mid latitudes (~5%).  
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	Figure 7 LER as a function of time-of-day for oceans NH
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	Figure 8 LER as a function of time-of-day for oceans SH


Figures 8 a & b show the diurnal variation of cloudiness over land masses.  As was shown previously, the afternoon values are generally greater than the morning due to convective heating.  However, this pattern changes in the tropics and the region from 10 North to 20 South exhibit a markedly different pattern where there is a more symmetric shape with the morning having equal or greater cloud amount than the afternoon.  Southward of 20 degrees, the pattern reverts back to the shape seen in the northern hemisphere. Northward of 45 degrees north, the diurnal signal changes dramatically due to snow/ice on the ground during the winter season. If only the summer months are used, the shape is consistent with the mid latitudes (not shown). Since the satellite measurements have no way of discriminating between snow/ice and clouds, there is no method available to calculate a true annual average for the highest 3 latitude bands in the northern hemisphere. 
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	Figure 9 LER as a function of time-of-day for land NH
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	Figure 10 LER as a function of time-of-day for land SH
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