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Influence of fog-processing on aerosol optical properties
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Abstract.  Aerosol optical properties were measured continuously at three surface sites (Mount Åreskutan (ARE), Sweden, Chebogue Point, Nova Scotia (CBG), Point Reyes, California (PYE).  Each site experienced fog episodes over the period studied. During fog events the aerosol was typically more absorbing (aerosol single scattering albedo decreased by 20-30%) and smaller (the back-scatter fraction and Ångström exponent increased, while aerosol asymmetry parameter decreased), likely due to preferential scavenging of large particles.  Measurements of cloud condensation nuclei (CCN) at CBG and PYE show the fraction of CCN-active aerosol was higher at PYE than at CBG and that the composition may have played a role in CCN activation at CBG.  Median radiative forcing efficiency (RFE) calculated for the 4 sites was approximately 27 + 2 W m-2 and the presence of fog appeared to have little influence on RFE.  The similarity of calculated RFE values among the sites results from the co-variation of back-scatter fraction with single scattering albedo.  In effect, the changes in these two parameters tend to counteract each other in the RFE calculation.  
Introduction

Clouds cover 60% of the globe at any given time and make up 7% of the volume of the troposphere (Pruppacher and Jaenicke, 1995).  Atmospheric aerosol particles can be considered more ubiquitous than clouds as they can be found over 100% of the globe - even in the most pristine environments (e.g., the clean air sector at the South Pole.)  Because these two common atmospheric ingredients will frequently occupy the same volume of the atmosphere, they are likely to interact, potentially changing the chemical, physical and optical properties of each.  Much effort has and is being expended on understanding how cloud processing of gases and aerosols influences what remains after the cloud evaporates (References).  There is currently an active research effort aimed at better understanding how clouds form on aerosols and how aerosol properties affect cloud properties (e.g., indirect effect).  Here a different approach is taken where the properties of the interstitial aerosol (the particles which aren’t activated into or scavenged by cloud droplets) are compared with those of the pre-cloud aerosol.  This approach provides two useful pieces of information:  first, if the cloud precipitates, the interstitial aerosol is what would remain in the atmosphere, providing perhaps an indication of the properties of highly processed atmospheric aerosol; second, the differences in pre-cloud and interstitial aerosol may help further our understanding of the properties of CCN.
Preferential scavenging stuff

Gieray et al, 'PHASE PARTITIONING OF AEROSOL CONSTITUENTS

IN CLOUD BASED ON SINGLE-PARTICLE AND

BULK ANALYSIS,' Atmospheric Enuironment Vol. 31, No. 16, pp. 2491-2502, 1991.

demonstrates preferential scavenging of sulphate over carbonaceous aerosol (though it's a little unclear to me whether that's happening just because the carbonaceous aerosol tends to be smaller.)

some other papers suggesting hygroscopic particles are preferentially scavenged (which implies that BC if it's not hygroscopic would not be scavenged) are:

hallberg et al 'PHASE PARTITIONING FOR DIFFERENT AEROSOL SPECIES IN FOG', TELLUS SERIES B, 44,545-555,NOV 1992

martinsson et al 'Elemental composition of fog interstitial particle size fractions and hydrophobic fractions related to fog droplet nucleation scavenging' Tellus B, Volume 44, Issue 5, pages 593–603, November 1992

This paper will focus on how cloud processing affects aerosol optical properties and suggest some implications of this processing.  The following scientific questions can be addressed:
· What are the effects of cloud processing on the aerosol optical properties?
· How does cloud processing change the aerosol radiative forcing?

Experimental Approach

Aerosol optical measurements were conducted at the three sites listed in Table 1 and shown in Figure 1.  The aerosol at each site had different optical characteristics due to the unique combination of sources and transport paths bringing aerosol to the sites.  Two of the three sites were marine (Chebogue Point, Nova Scotia (CBG), Point Reyes, California (PYE)). The third site, Mount Åreskutan, Sweden (ARE), was located atop of a mountain in northern Scandinavia where, depending on wind direction, Arctic or continental air masses might be sampled (Ogren and Rodhe, 1986).  During the summertime sampling periods studied here, all sites experienced episodes of fog (note: we use the word ‘fog’ interchangeably with ‘cloud’ throughout this paper).  A different technique was used to identify fog at each site.  In the sections below the aerosol and fog measurements are described in more detail.
Aerosol Measurements

The standard NOAA/GMD aerosol inlet and system have been described in detail in other papers (Delene and Ogren, 2002; Sheridan et al., 2001) so only a brief outline is given here. The standard NOAA/GMD aerosol optical properties sampling system consists of several parts: (1) a drying and sizing system (2) an condensation nuclei (CN) counter for determining particle number concentration (NCN) (3) a filter-based instrument for  measurement of aerosol light absorption (ap) (4) an instrument for measurement of total and backward light scattering (sp and bsp) at 3 wavelengths (450, 500 and 700 nm).  Each of the sites had the standard GMD system design, and two of the sites (CBG, PYE) had additional measurement capabilities:  a humidograph for f(RH) measurements and a cloud condensation nuclei (CCN) counter for determining the number of  particles that might activate to cloud drop nuclei as a function of super-saturation (NCCN(SS)).  Table 1 lists the specific instrumentation at each site.   The CCN counter is described in Roberts and Nenes (2005).
From the low relative humidity (RH<40%) measurements of ap, sp, and bsp, the following aerosol optical parameters can be calculated: single scattering albedo which is the ratio of scattering to extinction o= sp/ (sp + ap); the Ångström exponent which is the wavelength dependence of light scattering å = log(sp,550/ sp,700)/log(700/550); the back-scatter fraction which is the ratio of hemispheric back-scattering to total back-scattering b = sp/ bsp and the aerosol asymmetry parameter which, like b, gives an indication of the angular distribution of scattered light g = -7.143889b3 +  7.464439b2 – 3.96356b +0.9893 (asymmetry parameter polynomial is derived from fit to Figure 3 in Wiscombe and Grams, 1976, see Andrews et al., 2006 for more details).  From the humidograph measurements the light scattering as a function of relative humidity is determined, which is an indicator of the ability of the particles to pick up water, i.e., the aerosol hygroscopicity.  The hygroscopic growth parameter is defined as f(RH) = sp(RH=85%)/sp(RH=40%).  Finally CCN fraction, i.e., the fraction of all particles that activate at a given super-saturation, is defined as NCCN(SS)/NCN where the NCN measurement is made simultaneously with the NCCN measurement.
Fog Detection

Different methods were used to evaluate whether it was foggy or clear at each site (Table 2).  At PYE a commercially available visibility monitor was used (Vaisala PWD-22). This instrument uses a forward scattering technique to measure the visible range and a capacitive sensor element to estimate the water content of precipitation.   From this measurement visibility and precipitation type are reported.  At ARE, a high latitude site with long hours of daylight, webcam technology in conjunction with image analysis was used.  At CBG a method involving the ratio between upwelling and downwelling IR fluxes was applied.  These later two approaches are described in more detail below.
At Mt. Åreskutan five targets consisting of black and white squares were set up.  A digital camera was used to take photos of these targets every minute between July 9 (DOY 190) and July 30 (DOY 211), 2003.  Figure 2a, taken in cloud-free air at about 9 pm local time, clearly shows the five black-and-white targets.  Table 3 gives information about the targets.  A background brightness value for black and white targets was determined using measured pixel brightness for a clear day.  These background values were used to calculate a clear day contrast level (Hinds, 1982):  Cbkgd = (wbkgd – bbkgd)/wbkgd.  Measured pixel brightness levels for the black and white targets were used to calculated  measured contrast values over the whole period: Cmeas = (wmeas – bmeas)/wmeas Visibility (V) was then calculated based on Cbkgd, Cmeas and target distance (L) using (Hinds, 1982): V= 3.9/[(-1/L)ln(Cmeas/Cbkgd)].  When calculated visibility was less than ~200 m the site was assumed to be in cloud (clear conditions corresponded to calculated visibility greater than 400 m).   For Figure 2b, (taken one minute after Figure 2a), which shows the site enveloped in dense cloud, the in-cloud visibility calculated from the contrast between the black and white areas in the two visible targets, is 40 meters, consistent with the fact that the third target, 55 meters away, is not visible.  While there were some problems with this simple approach (e.g., diurnal cycles due to target shadowing), in general, this system provided a measurement of in-cloud visibility 24 hrs/day under the special lighting conditions in the summer in northern Sweden.  More information on the webcam analysis can be found at http://www.cmdl.noaa.gov/aero/net/sfc/webcam_analy.pdf.
At CBG an IR flux method was used to infer when the site was in cloud.  A Precision Infrared Radiometer (PIR) or pyrgeometer was used to measure the down-welling IR flux (IRdown), as part of the complete surface radiation budget measurements as the site.  Ambient air temperature, measured in the base of the PIR was used in the black body equation to derive an up-welling IR flux using the Stephan-Bolzman law, IRup =  T4, where  = 5.67x10-8 W m-2 K-4.  The ratio of IRdown/IRup and the RH were taken as indicators as to when the cloudbase was near the height of the PIR   When the ratio was greater than 0.99 and the RH was greater than 99% (note: observed RH was increased by 1.5% to be consistent with the maximum RH being 100.0) then fog was likely to be present.  A webcam system similar to the one at ARE was also installed at CBG, but due to longer hours of darkness at the site it was less useful as CBG was often foggy at night.  Photos from the CBG webcam taken during daylight hours do show fog when the IR ratio suggests it is foggy, although there were some events that may have been mis-identified due to layers of the fog either being right above or below the IR and T measurements (pers. comm. J. Allan, 2005).  
Fog formation and dynamics at the sites

At the two marine sites, advection fog is the most common type present during the summer months.  In each case warm, moist marine air flows over cooler coastal waters creating a super-saturated conditions where fog can form.  At ARE there are two mechanisms for cloud formation.  First, clouds can form as warmer air is orographically lifted and cooled (upslope conditions).  Second, cloud interception is also a possibility – this occurs when clouds have formed through other processes away from the mountain and then are transported via winds/atmospheric dynamics to the site on the mountain.
ARE – upslope? And/or transport?  Ogren and Rodhe, 1986, working with ‘Ulf’  from Areski to understand met data from the cable car.
Depending on the general meteorological conditions and airflow patterns at each site, fog/cloud formation may correspond to sampling either the same air mass, albeit in foggy conditions or a different air mass.   Wind direction measurements suggest that at PYE there were no air mass changes during fog – the typical wind direction did not appear to change regardless of visibility conditions. At CBG clear conditions were generally associated with north-westerly flow while fog occurred when southerly flow was present.  The differing wind directions at CBG corresponded to changes in air mass and, consequently, changes in particle properties as is borne out by other measurements (Allan et al., this issue).  Many previous summertime studies at ARE suggest that the clouds typically intercepted at the site are from long range transport over Sweden, rather than orographic lifting (e.g., Ogren and Rodhe, 1986); the clouds might come from pristine Arctic regions (e.g., ) or Europe (e.g.).
Results and Discussion
Here we first compare the measured and derived aerosol properties for the four sites (Figure 3 and Figure 4).  CBG had the most aerosol (as indicated by CN and light scattering values) while PYE was the cleanest.  The measured aerosol properties (CN, absorption, scattering and back-scattering) tend to decrease during fog events, although at PYE the absorption coefficient is so low that the change in absorption is barely noticeable.   The derived properties (Fig 4) show changes consistent with the idea that the fog has scavenged large, primarily scattering aerosol (such as sea salt), leaving the interstitial aerosol smaller and darker than the pre-fog aerosol.  The single scattering albedo decreases during fog – suggesting that a larger proportion of scattering aerosol than of absorbing aerosol is scavenged. The Ångström exponent increases during fog events.   This increase in Ångström exponent implies a shift to smaller particles suggesting the large particles are scavenged by the cloud droplets.  The increase in Ångström exponent is most noticeable at PYE where the aerosol is dominated by sea salt.  Consistent with the changes in Ångström exponent, back-scattering fraction increases while the asymmetry parameter decreases during fog.  
The CCN measurements at the two sites (Figure 5) show differences in the amount of particles activated.  A smaller fraction of particles activate to CCN at CBG than at PYE over the super-saturation ranges studied.  This is consistent with PYE being a clean marine environment, while CBG is influenced by both anthropogenic pollution and long range transport of biogenic aerosol (Millet et al., XXXX) which may be less CCN-active.  For clear conditions the higher CCN fractions at PYE may also be due to differences in aerosol size distribution – the Ångström exponent at PYE was lower than at CBG, suggesting the PYE aerosol was dominated by larger particles. 

Lower CCN fractions might be expected for interstitial aerosol than for aerosol sampled during fog-free periods, because the more hygroscopic particles will be activated to fog droplets leaving the less CCN-active particles in the interstitial air.  This hypothesis appears to hold true at PYE, particularly for low super-saturation values.  At higher super-saturations the CCN fraction for clear and foggy conditions are similar.  The opposite effect is observed at CBG - there the CCN fraction increases during foggy conditions.  It turns out that the two air mass types (clear and foggy) sampled at CBG were also associated with a very different chemical compositions (Allan pers. comm.XXXX),.  Typically, the OC/(SO4+OC) at CBG is greater than 0.8 for clear conditions when the airmass is from the south and less than 0.6 for foggy conditions and northwesterly flow. If one assumes that OC is hygrophobic and that CCN tend to be hygroscopic then an increase in the the OC/(SO4+OC) ratio would result in lower CCN fractions as is observed.  Ervens et al. (2006) found that they could predict CCN activation at CBG using aerosol size distribution measurements and a simple composition model derived from measured hygroscopicity.  Did differences in their ability to match measured CCN correspond to the different airflow patterns?
Top of atmosphere radiative forcing efficiency (RFE) was calculated using a simple equation from Haywood and Shine, (1995) for the low RH sampling conditions (RH<40%) as described in Delene and Ogren (2000).  Reasonable average values for solar zenith angle, surface albedo and other equation parameters were assumed for all four sites so that the only variables in the equation were the measured aerosol optical properties at low RH (single scattering albedo and upscatter fraction (estimated from back-scatter fraction)).  This allows us to compare the variation in RFE at each site as a function of the aerosol properties, but does not provide a true estimate of RFE for the specific sites.   Figure 6 shows that, using this approach, there is not much variability in the median RFE for the two different aerosol types (interstitial versus clear sky) for any of the measurement sites.  The median RFE tends to be approximately -27 + 2 W m-2 for all sampling locations.   The similarity in calculated RFE is surprising given the up to 20% differences in median upscatter fraction and 9% differences in median single scattering albedo among sites.  Single scattering albedo and upscatter fraction co-vary (Andrews et al., 2006) and the lack of variability in RFE is the result of these two aerosol properties counteracting each other in the RFE equation.  
The types of changes in measured aerosol properties at CBG (Figures 3 and 4) between clear and foggy conditions (e.g., decrease in scattering and single scattering albedo) look similar to those observed at the other sites.  However, the air mass change at the site makes it impossible to draw conclusions about the influence of fog on the aerosol properties as the difference in aerosol properties for clear and foggy conditions are likely due to a combination of fog-processing and air mass type.  One can hypothesize based on measurements from other locations, that if the southerly flow is bringing polluted air to CBG, but that fog forms as the flow moves the air mass then the pre-fog aerosol might look more like that observed for continental sites such as SGP or BND (Sheridan et al., 2001, Koloutsou-Vakakis et al., 2001).  QUINN data from boat – did they ever sample air that was coming from SW but hadn’t yet fogged?  Trish says talk to Tahlee – he came up with a fog marker for the Ron Brown.
Conclusions

Aerosol optical properties were measured at four sites which experienced both clear and foggy conditions.  Measurements during fog events were representative of interstitial aerosol, while those made during clear conditions included virtually all of the optically important aerosol.  Due to fog scavenging of particles, there was significantly less aerosol during fog events.  The interstitial aerosol tended to be darker and smaller than the pre-cloud aerosol.  The clean marine site (PYE)  CCN fraction decreased during foggy conditions, while the CCN fraction at CBG did the opposite, likely due to differences in air mass for clear and foggy conditions.  Estimates of radiative forcing efficiency showed that there was little variation in the RFE among sites despite significant differences in aerosol properties at the low RH measurement conditions.  
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Tables

Table 1.  Measurement site information
	Site
(site ID)
	Coordinates,
sampling duration
	GMD Aerosol Instrumentation

	Mt. Åreskutan, Sweden
(ARE)
	63 N, 13 E, 1250 m asl
July, 2003
	CN (TSI#3010, Shoreview, MN, USA) 
Nephelometer (TSI#3563, Shoreview, MN, USA)
PSAP (1) (Radiance Research, Seattle, WA, USA)

	Chebogue Point, NS

(CBG)
	43.74 N, 66.12 W, 3 m asl

July-mid August, 2004
	CN (TSI#3010, Shoreview, MN, USA) 

Nephelometer (TSI#3563, Shoreview, MN, USA)

PSAP (1) (Radiance Research, Seattle, WA, USA)

Humidograph 

CCN (Droplet Measurement Technology, Boulder, CO, USA)

	Point Reyes, CA

(PYE)
	38.09 N, 122.96 W, 10 m asl

June-mid September, 2005
	CN (TSI#3010, Shoreview, MN, USA) 

Nephelometer (TSI#3563, Shoreview, MN, USA)

PSAP (3) (Radiance Research, Seattle, WA, USA)

Humidograph 

CCN (Droplet Measurement Technology, Boulder, CO, USA)


Table 2.  Site specific fog identification
	Site
	Method
	Fog Identification
	Comments

	ARE
	Webcam+targets
	fog extinction > 0.02 m-1
	Webcam worked well for high latitude site in summer

	CBG
	IR flux difference
	IR ratio>=0.99
RH >=99%
	Gives indication of fog presence, but nothing about fog thickness

Webcam provided corroborating evidence for daylight hours

	PYE
	Vaisala PWD (model#PWD22)
	Fog: Visibility < 2000 m

Clear: Visibility > 15000 m
	


Table 3.  Mount Åreskutan webcam info delete?
	Target#
	Distance from camera (m)
	Target area (pixels)

	1
	11.5
	13x13

	2
	22.0
	12x12

	3
	55.1
	6x6

	4
	73.0
	4x4

	5
	92.9
	2x2


Figure 1.  Map of sampling locations; see Table 1 for more details about each site. NEED to get rid of BRW on this map and all following figures – not having 5um impactor makes BRW hard to explain.
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Figure 2  Example photographs from the webcam visibility system at ARE (a) clear day showing all 5 targets (b) one minute later during a cloud event – only the front two targets are visible.  Delete?
	(a)
	(b)
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 Figure 3 Box-whisker plots of various aerosol optical properties for foggy and clear conditions.  Central line is median, edges of box are 25th and 75th percentiles and whisker ends are 5th and 95th percentiles. (a) CN concentration (note log scale on y-axis) (b) absorption (c) scattering needs  bap<0 removed for all stations and improved (coarse)  psap correction for AMF (and others?)
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Figure 4 Box-whisker plots of calculated aerosol optical properties for foggy and clear conditions.  (a) single scattering albedo (b) Ångström exponent (c) back-scattering fraction (d) asymmetry parameter needs  bap<0 removed for all stations and psap correction fixed for AMF
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Figure 5 Compares CCN fraction for foggy and clear conditions  need to change CCN SS values for CBG
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Figure 6 Top of atmosphere radiative forcing efficiency for foggy and clear conditions, dp <5 m, RH< 40%, (dp <10 m at BRW)
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