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Abstract

Based on the analysis of five years of field measurements of aerosol and meteoro-
logical variables, we present the characteristics, impacts and direct radiative forcing
of aerosols at the Southern Great Plains (SGP) Central Facility (CF) of the Atmo-
spheric Radiation Measurement (ARM) Program. Annual means of total submicron5

aerosol concentration for particles with aerodynamic diameter (Dp) < 1µm, particle
concentration (Np) for aerosols with 0.1 ≤ Dp ≤ 10µm, submicron light absorption co-

efficient (σa) and single scattering albedo at the SGP CF amount to 5306 ± 392 cm−3,
654±290 cm−3, 2.0±0.7 Mm−1 and 0.94±0.02, respectively, while those of submicron
total scattering coefficient, hemispheric backscatter fraction, submicrometer scattering10

fraction (Rsp), Ångström exponent, hygroscopic growth factor and visibility at 550 nm

are 36 ± 2 Mm−1, 0.12 ± 0.01, 0.84 ± 0.03, 2.25 ± 0.09 and 1.84 ± 0.10, 38 ± 2 km,
respectively. Although they exhibit a considerable year-to-year variability, Rsp, σa, Np
and ozone show some increase over the period examined here. This increase is ac-
companied by a decline in annual precipitation, column integrated water vapor, relative15

humidity, and cloud cover (particularly from 1998 to 2001) at the site. In particular,
the marked precipitation deficit at the SGP CF in 2000 and 2001 is evident of drought
associated with La Nina conditions. We compare the diabatic impacts and optical char-
acteristics for smoke and dust aerosols. In general, aerosols at the ARM site produce
a net diabatic cooling, with an estimated direct radiative forcing ranging from about20

−0.7 W m−2 in winter to −2.4 W m−2 in summer.

1. Introduction

Aerosols in the atmosphere (which include sulfate, black carbon, organic carbon, min-
eral dust, sea-salt, volcanic ash and pollen) evolve in size and composition by homoge-
nous and heterogeneous nucleation, condensation, coagulation as well as dry and wet25
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deposition. By influencing the geochemical and hydrological cycles as well as the sur-
face radiation budget, aerosols exhibit a significant impact on the Earth’s climate.

On one hand, aerosols absorb and scatter radiation (direct aerosol effect). On the
other hand, they act as cloud condensation nuclei and thus determine the initial cloud
droplet number concentration, cloud albedo, precipitation efficiency and cloud lifetime5

(indirect aerosol effect) (Twomey, 1991; Lohmann et al., 2000; Bréon et al., 2002).
Hansen et al. (1997) hypothesized that the absorption of solar radiation by black carbon
(BC) within a cloud or in a clear region can result either in a local reduction of cloud
cover fraction Ac or can inhibit cloud formation, respectively (semi-direct aerosol effect).
Although an increase in cloud liquid water path owing to aerosols has been observed10

by some investigators (e.g. Radke et al., 1989), other observations suggest that this
effect is insignificant (Platnick et al., 2000; Leaitch et al., 1992; Nakajima et al., 2001).
Consequently, the impact of increased aerosols on cloud cover and cloud water content
is still unclear (Nakajima et al., 2001). Furthermore, while aerosols may produce a net
atmospheric cooling in some regions, other regions may experience a net heating, and15

the long-term climatic impact of these changes are not well known (Penner et al., 1994;
Haywood et al., 1999).

Aerosol campaigns such as the Southern African Regional Science Initiative (SA-
FARI) (Le Canut et al., 1996; Andreae et al., 1996), Transport and Atmospheric Chem-
istry near the Equatorial Atlantic (TRACE A) (Anderson et al., 1996), Smoke, Clouds,20

and Radiation-Brazil (SCAR-B) (Kaufmann et al., 1998), Indian Ocean Experiment
(INDOEX) (Lelieveld et al., 2001), Large-scale Biosphere-Atmosphere Experiment in
Amazonian – Cooperative LBA Airborne Regional Experiment 98 (LBA-CLAIRE-98)
(Andreae et al., 2001) have provided samples of tropical biomass burning aerosol size
distributions from aircraft measurements. However, aerosol type and size distributions25

vary considerably in space and time. While aircraft measurements are particularly
suited for the resolution of the vertical profile of aerosols, the aerosol burden above or
below the aircraft level legs is generally either estimated or ignored (Ross et al., 1998;
Remer et al., 1998). Furthermore, aircraft aerosol measurements only cover a rela-
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tively short period. The long-term measurement of aerosols and cloud properties as
well as meteorological conditions provides a formidable way of characterizing aerosols,
evaluating the climatic impact of aerosols and thus reducing the high uncertainties as-
sociated with aerosols in climate forcing assessments.

The U. S. Southern Great Plains (SGP) Cloud and Radiation Testbed was the first5

and largest field measurement site established by the Atmospheric Radiation Measure-
ment (ARM) Program for the measurement of radiation, cloud, aerosol and atmospheric
properties. The SGP Cloud and Radiation Testbed covers an area of approximately
142, 450 km2 in north central Oklahoma and south central Kansas (see Fig. 1). The
central facility (CF) of the SGP Cloud and Radiation Testbed is located on 65 hectares10

of cattle pasture and wheat fields southeast of Lamont, Oklahoma (36.60◦ N, 97.50◦ W,
315 m a.s.l.). Sheridan et al. (2001) presented aerosol measurement at the SGP CF
for aerosols with aerodynamic diameter less than 10µm. Here, we focus particularly
on submicron aerosols and their impact on atmospheric properties. We investigate the
variability of submicron aerosols at the SGP CF, examine plausible feedback mecha-15

nisms between aerosol variation and atmospheric processes as well as estimate the
net diabatic impact and direct radiative forcing of aerosols at the ARM site.

2. Field measurements at the Southern Great Plains Central Facility

The Aerosol Observing System at the SGP CF is the major ARM platform for conduct-
ing in-situ aerosol measurements at 10 m above the surface since April 1996. The20

NOAA Climate Monitoring and Diagnostics Laboratory (CMDL) in Boulder Colorado
operates the Aerosol Observing System. In early 2000, an aerosol filter sampling sys-
tem was added to collect particles for subsequent physical and chemical analysis. The
Aerosol Observing System measures the optical properties of ambient aerosol parti-
cles obtained from the top of a≈21.4 cm inner diameter stainless steel intake stack.25

Aerosol optical properties measured include light absorption coefficient (σa) in m−1, to-
tal light scattering coefficients (σs) in m−1, hemispheric backscattering coefficients (σb)
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in m−1, total number concentration of condensation particles (Na) in cm−3 and number
concentration for particles of size ranging from 0.1–10µm diameter (Np) in cm−3. In
addition, measurements of the aerosol scattering coefficient as a function of relative
humidity (f (RH) = σs(RH=85%)/σs(RH=40%)) commenced at the SGP CF in December
1998. The Dasibi (Model 1008) ozone monitor at the SGP CF measures ozone mixing5

ratios between 1 to 1000 ppbv, using monochromatic ultraviolet absorption spectropho-
tometry.
σs and σb at three wavelengths (450, 550, and 700 nm) are measured by a TSI

nephelometer. σs as a function of relative humidity at three wavelengths (450, 550, and
700 nm) is measured by a system of two TSI nephelometers connected to a humidity10

scanning system (Anderson and Ogren, 1998). σa is measured using a filter-based
radiance research particle soot absorption photometer (PSAP), which is calibrated to
estimate suspended-state aerosol light absorption at 550 nm using an extinction cell
and a nephelometer (Bond et al., 1999). Na is measured by a TSI condensation nuclei
counter (CNC) while Np is measured by an optical particle counter (OPC).15

The aerosol sample stream is conditioned to be lower than 40% relative humid-
ity before it enters the sampling lines, and subsequently into the instruments. Size-
segregated measurements of σs and σa were made through a switch impactor system,
such that only particles with aerodynamic diameter Dp smaller than 10µm were sam-
pled, with a 1µm alternate size and a 10µm default size cut. Except for Np and where20

otherwise stated, the aerosol optical properties examined here are associated with
submicron aerosols with Dp < 1µm at 550 nm.

We derive intensive aerosol optical quantities including the hemispheric backscat-
ter fraction b, single scattering albedo ω0, Ångström exponent å and submicrometer
scattering fraction Rsp as follows:25

b = σb/σs, (1)

ω0 = σs/(σs + σa), (2)

å = − log[σs(λ1)/σs(λ2)]/ log[(σ1)/(λ2)], (3)
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Rsp = [σs(Dp < 1µm)/σs(Dp < 10µm)]. (4)

In March 2000, a joint project between the ARM program and the Climate Monitoring
and Diagnostics Laboratory (CMDL) to obtain a statistically significant data set of the
vertical distribution of aerosol properties commenced. The aerosol measurements are
made by flying a light aircraft (Cessna C-172N) over the SGP site and utilizing an5

aerosol instrument package similar to the one used for surface measurements. The
aircraft flies level legs at altitudes between 500 m and 3500 m.

The ARM Microwave Water Radiometer (MWR) measures column-integrated
amounts of water vapor and liquid water. The MWR (model WVR-1100) receives mi-
crowave radiation from the sky at two frequencies (23.8 GHz and 31.4 GHz), which10

allow simultaneous determination of water vapor and liquid water burdens along a se-
lected path. Column integrated precipitable water vapor PWV and cloud liquid water
path LWP are then given as

PW V = (1/ρwt)
∫
ρv(z) dz, (5)

LW P = (1/ρwt)
∫
w(z) dz, (6)

15

where ρwt is the density of liquid water, ρv (z) is the vertical distribution of water vapor
density and w (z) is the vertical distribution of cloud liquid water content. Here we ex-
press PWV in cm and LWP in g m−2. LWPs recorded during periods of precipitation
are excluded from our analysis. The ARM surface meteorology observation system
(SMOS) provides measurements of meteorological variables including air temperature20

Ta, relative humidity RH, wind speed v , wind direction and precipitation Pp. Shortwave
and longwave radiation at the SGP CF are measured by the ARM solar infrared radia-
tion station. The raw sampling interval of most ARM surface data is 1 min. We utilize
ARM data averaged hourly for a period ranging from 1997 to 2001.

The Atmospheric Emitted Radiance Interferometer (AERI) measures the absolute in-25

frared spectral radiance of the sky directly above the instrument every 10 min. Among
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others, the AERI data can be used for evaluating line-by-line radiative transport codes
and calculating vertical atmospheric profiles of temperature and water vapor. The Ra-
man Lidar is an active, ground-based laser remote sensing instrument that measures
vertical profiles of water-vapor mixing ratio r as well as several cloud and aerosol re-
lated quantities.5

In order to complement field measurements, weather conditions at the SGP central
facility are recorded hourly by trained operators throughout periods of intensive op-
eration and usually from 04:30 to 08:30 and from 10:30 to 22:30 UTC on workdays.
Recorded weather conditions by ARM trained observers include cloud cover fraction
as well as the presence of smoke, dust and fog in the atmosphere. We obtained ARM10

Metadata weather records for the period 1997 to 2001.

3. Meteorological conditions at the Southern Great Plains Central Facility

In view of its mid-latitude location and continental position, SGP records a wide range
of thermodynamic, moisture and cloud fields. Figure 2 presents the annual variation of
air temperature, precipitable water vapor, liquid water path, cloud fraction, wind speed15

and precipitation at the central facility. The bottom and top bars in Fig. 2 represent the
lowest and highest monthly mean from 1998 to 2001 while the data points represent
the overall monthly mean over this period. Surface air temperature and PW V exhibit a
typical mid-latitude annual variation, with mean values ranging, respectively, between
2 − 6◦ C and 1.1 − 1.2 cm in winter, and 24 − 29◦ C and 3.6 − 4.2 cm in summer. LW P ,20

cloud fraction, wind speed and precipitation are relatively small in late summer (Au-
gust). The annual mean of Ta, PW V , LW P , Ac, v , Pp at the site are 15.2 ± 0.4◦ C,

2.3 ± 0.1 cm, 54.6 ± 4.1 g m−2, 45 ± 4%, 5.6 ± 0.1 m s−1 and 2.33 ± 0.63 mm d−1, re-
spectively. The most dominant wind direction at the ARM site is southerly.
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4. Results and discussion

4.1. Aerosol variation at the Southern Great Plains Central Facility

Diurnal variations of aerosol optical properties are capable of providing insight into the
processes responsible for new particle formation and convective transport (Weingart-
ner et al., 1999). The seasonal mean diurnal variation of aerosol optical properties5

at the SGP CF (averaged from 1997 to 2001) is presented in Fig. 3. Meteorologi-
cal seasons are implied here (i.e. winter: December to February, spring: March to
May, summer: June to August and autumn: September to November). Na shows a
pronounced and consistent diurnal cycle during all the seasons. The lowest mean
hourly Na is observed in the morning while peak values were recorded at 17:00 UTC10

(11:00 LT) during summer and between 19:00 and 21:00 UTC during winter, spring,
and autumn. The diurnal maximum of Na recorded around local noon at the SGP CF
is suggestive of a thermally driven aerosol production. The onset of solar radiation
in the morning triggers the photochemical production of new particles (Weber et al.,
1997). However, these particles, whose formation also depends on the concentration15

of precursor gases and ions, are only detected later by the condensation nuclei counter
when they exceed the lower size detection limit (Weingartner et al., 1999). In addition,
the afternoon maximum of Na could be associated with a low frequency of precipitation
(see Fig. 4) and hence less scavenging of aerosol particles.
σs, σa and Np, whose highest hourly values are recorded in summer, exhibit a strong20

diurnal pattern. In particular, σa, σs and Np show higher values in the morning and
a broad minimum in the afternoon. The afternoon minimum in σa, σs and Np could
be related to the diurnal cycle of the relative humidity, since small RH in the afternoon
would decrease σs and σa. In all the seasons, ω0 rises gradually from 00:00 UTC,
reaches a maximum between 12:00 and 18:00 UTC and then falls. This suggests that25

the aerosols at the SGP CF are more absorbing in the afternoon and evening hours.
Hourly values of ω0 are lowest in autumn and highest in winter. Since the wind direction
is mainly southerly in all four seasons, the low values of ω0 in the autumn, is probably
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not due to atmospheric flow, but could be due to absorbing aerosols associated with
agricultural activities (among others) near the ARM site. In contrast to σs, b shows a
minimum between 12:00 and 15:00 UTC in all the seasons. There is a similarity in the
diurnal cycles of total light scattering coefficients and Ångström exponent. Rsp, which
does not vary much over the course of the day, ranges generally between 0.80 and5

0.85. This suggests that submicrons aerosols dominate the scattering process for all
hours over the seasons.

Figure 5 presents the smoothed annual variation (monthly mean and standard devi-
ation of daily values) of aerosol optical properties (at 550 nm wavelength) at SGP CF
(averaged from 1997 to 2001) while Table 1 presents the seasonal median of the vari-10

ables (at all measured wavelengths). It is noteworthy that the highest monthly mean
values of σs, σa and Np are recorded in July/August, when aerosol levels are high. In
addition, submicron aerosol concentration is appreciable in spring and autumn at the
SGP CF (as indicated by the magnitude of Na) and low in the winter months. It is also
remarkable that the monthly means of å and b exhibit a maximum in spring and autumn15

(with the later dominating) and low values in winter, while ω0 shows a dip in autumn
(October). Thus aerosol sizes at the SGP are smallest in October and largest in winter.
One implication of this is that, relative to other seasons, the atmosphere over the SGP
in winter is cleaner.

Reduced visibility is the most commonly detectable effect of particles in the atmo-20

sphere. The standard visibility Vs is inversely proportional to the extinction coefficient
σe (in km−1), and is given by the Koshmeider equation as Vs = K/σe, where K is the
Koshmeider constant (Koshmeider, 1926). For the 75th percentile value of Vs, K = 1.9
(Griffin, 1980; Ozkaynak et al., 1985). The mean Vs is 0.76 of the 75th percentile (Husar
et al., 1979; Schichtel, 2001). Based on the Koshmeider equation, the estimated mean25

visibility of aerosols at the SGP CF in winter is 40 km, but 32 km in the summer. Rela-
tive to winter, aerosol pollution and lower visibility in the summer at the SGP site, could
be due to a number of factors including agricultural field burning activities, smoke from
remote forest fires, wind-enhanced dust episodes, as well as emissions from auto-
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mobiles, oil refineries and power plants. In particular, biomass burning activities at the
SGP CF are more pronounced in May, June and July (Iziomon and Lohmann, 2003). In
addition, high amounts of airborne dust in summer over the Southeast U.S. have been
reported by Prospero (1999). We shall explore the properties and effects of smoke and
dust aerosols at the SGP CF in the next section.5

The monthly standard deviation (which here is a measure of the variability of mea-
sured aerosol optical properties for a particular month from the monthly mean through-
out a five year period) is somewhat substantial for some months. This is attributable
to the marked temporal variation of aerosol properties. High standard deviation for
aerosol optical properties also abounds at other locations and is common (see, for10

example, Horvath et al., 1993; Bergin et al., 2001; Quinn et al., 2000; Dubovik et
al., 2002). However, relative to most aerosol measurements in literature (which are
short-spanned), the length of data considered here is sufficiently long enough to give
a representative picture of aerosol characteristics at a typical mid-latitude continental
site. Literature values on the spectral dependence of aerosol optical properties are15

sparse and there is still need for a consensus among the few published results (Kauf-
man et al., 1998). As shown in Table 1, σs and Rsp decrease with wavelength at the
SGP while b increases with it. The latter is in agreement with Hobbs et al. (1997) and
Remer et al. (1998), who also reported an increase in the backscattering coefficient
with wavelength in Brazil.20

To further put the observed aerosol optical properties at the SGP CF into perspec-
tive, Table 2 compares the mean σa, σs, b, å, ω0 and f (RH) for June and July at the
ARM site with those measured over the same period (except for Linan, China) during
some major aerosol field campaigns. The gaps in Table 2 imply missing data. Aerosol
measurements at Sagres, Portugal, were carried out from 15 June to 25 July 199725

during the North Atlantic Aerosol Characterization Experiment (ACE-2) (Carrico et al.,
2000; Russell et al., 2002). ACE 2 sampled a variety of air masses including Atlantic,
polar (north of Arctic circle) and Western European (Quinn et al., 2000). Bergin et
al. (2001) and Xu et al. (2002) measured aerosol optical properties in June 1999 at
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Beijing, China (a large urban area) and in November 1999 at Linan, China (a rural loca-
tion), respectively. Aerosol measurements at Cape Grim, Australia were taken during
the first aerosol characterization experiment (ACE1) from 15 November to 15 Decem-
ber 1995 (southern hemisphere summer) (Carrico et al., 1998; Quinn et al., 1998).
ACE 1 focused on remote marine aerosol minimally perturbed by continental sources5

(Quinn et al., 2000). The Tropospheric Aerosol Radiative Forcing Observational Exper-
iment (TARFOX) was conducted off the mid-Atlantic coast of the United States in July,
1996 (Kotchenrurther et al., 1999).

Mean σs at the SGP CF are higher than those measured at the relatively clean
marine locations but slightly lower than that recorded at the land-site of Sagres, which10

receives anthropogenically perturbed air masses from Europe. As indicated by its
slightly higher å, it follows that the aerosols at Sagres are finer and that the location
is more anthropogenically influenced than the ARM site. σa and σs at the SGP are
much lower than those recorded in Linan and Beijing, signifying a major anthopogenic
influence at the latter locations. In particular, the extremely high absorption coefficient15

recorded in Beijing is attributed mainly to emissions of elemental carbon from diesel
engines (Xu et al., 2002). This is also evident by the very low ω0 value of 0.81 in Beijing
relative to a mean value of 0.94 observed at the ARM site. Low ω0 values have also
been recorded at other locations with high level of industrial pollution/biomass burning,
including Mexico city (ω0 = 0.90) Maldives (INDOEX; aerosol transported largely from20

the Indian subcontinent) (ω0 = 0.89), Zambia (African Savanna) (ω0 = 0.88), Athens,
Greece (ω0 = 0.88) and Tokyo, Japan (ω0 = 0.77) (Scheff and Valiozis, 1990; Horvath,
1993; Vasilyev et al., 1995; Baumgardner et al., 2000; Eck et al., 2001; Dubovik et
al., 2002). Thus in general, aerosol single scattering albedo at the ARM site could be
considered intermediate relative to other continental sites. ω0 at the ARM site is lower25

than that reported for the marine locations in Table 2. The high ω0 at the marine sites
indicates that the aerosols are well aged and have not been near land for many days
prior to being sampled on the ship (Quinn et al. 1998). The Ångström exponent at the
ARM site is higher than that reported for marine environments. The low å in marine
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environments can be attributed to the dominance of large sea salt aerosols (Quinn et
al., 1998).

The hemispheric backscatter fraction at the ARM site is similar in magnitude to those
reported for Sagres and the marine sites. The mean hygroscopic growth factor of
aerosols at the SGP CF is higher than that reported for Sagres, and is within the range5

of those reported for Linan, China. In contrast, it is lower than those reported for the
marine environments, which implies that marine aerosols are more hygroscopic than
continental aerosols. The suppression of hygroscopic growth at the continental sites
(relative to marine sites) could be due to the influx of pollutants. For instance, Carrico et
al. (2000) found that f(RH) was lower for polluted periods in comparison to laboratory10

measurements for pure deliquescent salts. In addition, hygroscopic growth of ambi-
ent sea-salt particles in the Pacific Northwest US was observed to be smaller than
predicted from laboratory and modelling studies for pure NaCl particles, suggesting
that organic compounds, possibly of anthropogenic origin, might cause the inhibition of
particle growth (Pueschel et al., 1969).15

Over a five-year period (1997–2001), annual means of total submicron aerosol con-
centration for particles with Dp < 1µm, particle concentration (Np) for aerosols with
Dp < 10µm, submicron light absorption coefficient and single scattering albedo at the
SGP CF (at 550 nm) amount to 5306 ± 392 cm−3, 654 ± 290 cm−3, 2.0 ± 0.7 Mm−1

and 0.94 ± 0.02, respectively, while those of submicron total scattering coefficient,20

hemispheric backscatter fraction, submicrometer scattering fraction at 550 nm and
Ångström exponent (450 nm, 700 nm) are 36 ± 2 Mm−1, 0.12 ± 0.01, 0.84 ± 0.03,
2.25 ± 0.09, respectively. The annual mean of f (RH) at the SGP CF from 1999 to
2001 amounts to 1.84 ± 0.10. Based on Koshmeider equation, annual mean visibility
at the ARM site from 1997 to 2001 is 38 ± 2 km. The mean visibility at the ARM site25

is in agreement with that proposed for average continental aerosols (35 km) (Hess et
al., 1998). While the mean value of b (0.12) at the ARM site is less than the global
mean model value of b (0.15) assumed by Charlson et al.(1992) and Charlson and
Heintzenberg (1995), the mean f (RH) at the site is close to their global f (RH) estimate
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of 1.7.
Figure 6 presents the day-to-day variability of Np, σa, Rsp and ω0 at the SGP CF from

1997 to 2001 as well as the least square fit. The gaps in the plots imply missing or in-
complete data. Although they exhibit a considerable year-to-year variability, in general,
Np and Rsp tend to increase by 97.8 cm−3 and 1.1% per year, respectively. While this5

short-term positive trend of Np suggests an increase in total particle concentration at
the ARM site, that of Rsp implies a rise in the proportion of smaller particles participat-

ing in scattering. σa shows an increase of 0.22 Mm−1 yr−1 while ω0 declines by about
1% per year. Although a longer time series is necessary to achieve a more qualitative
trend, the five-year inter-annual variations of aerosol optical properties at the SGP CF10

(shown in Fig. 6) are statistically significant at the 5% level (F-Test) and are indicative
of an increased production of light-absorbing aerosols at the site. Biomass burning
and fossil fuel combustion are the most important sources of light-absorbing aerosols.
These sources are also linked to degradation of air quality and acid deposition (IPCC,
2001). Smoke aerosols produced by biomass burning contain a significant amount15

of black carbon particles (Crutzen and Andreae, 1990; Reid et al., 1998), which are
important tracer of industrial pollution.

Kaufman et al. (1992) report an increase in ozone concentration due to biomass
burning. We analyze ozone surface concentration data for the SGP CF from 1997 to
2001 and observe a rise in the annual mixing ration of O3 at the site from about 35 ppbv20

in 1998 and 1999, to 36 and 45 ppbv in 2000 and 2001, respectively (see the first
panel of Fig 7). In addition, we find that from 1997 to 2001, the annual precipitation at
the ARM site has declined significantly from 3.11 mm d−1 to 1.53 mm d−1 (diminishing
sharply at a rate of 0.38 mm dy−1 per year), while precipitable water vapor, relative
humidity and cloud cover show a less pronounced negative tendency of −0.03 cm yr−1,25

−0.4% yr−1 and −0.5% yr−1, respectively (see Fig. 7). Due to the incomplete data set
in 2000, we are not able to quantify the inter-annual variation of LW P .

The overall temporal decline in Pp, PW V , RH and Ac, which coincides with a rise in
particle concentration, aerosol absorption coefficient and surface ozone, implies that
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atmospheric conditions over the SGP are entering a drier phase. In particular, the
marked deficit in precipitation at the ARM site in 2000 and 2001 is evident of drought
(i.e. abnormally dry weather, which persist long enough to produce a severe hydrologi-
cal imbalance). Drought is a natural and recurring phenomenon in Oklahoma’s climate
(occurring for example in 1988, 1998, 2000 and 2001). The year 2001 and the period5

June–August 2001 are reported as the 39th and fourth driest, respectively, in Oklahoma
state since 1895 (Arndt, 2002).

The U.S. climate is mainly driven by the north Pacific. The very large El Nino of 1997
and 1998, which warmed Pacific Ocean waters, triggered unusual weather bringing
rain and flooding to parts of the United States. Hong and Kalnay (2000) attributed the10

1998 Oklahoma-Texas summer drought conditions to atmospheric conditions and sea
surface temperature anomalies associated with waning El Nino and Southern Oscilla-
tion (ENSO) episode as well as soil moisture deficit. In summer 1999, faint traces of
La Nina weather pattern emerged. La Nina resuscitated in the autumn of 1999 and
intensified in 2000, continuing to 2001 (see http://www.cpc.noaa.gov/index.html). La15

Nina often brings warmer, dry weather to most of the United States. Consequently
the drought conditions observed in 2000 and 2001 at the ARM site are a major conse-
quence of La Nina. The drought of 1988 in the SGP region has been attributed to La
Nina conditions (Atlas et al., 1993; Trenberth et al., 1988; Chen et al., 1998).

The production of biomass burning aerosols thrives in dry conditions, so that 200020

and 2001 are most favorable to smoke aerosols at the SGP. Absorption of solar ra-
diation by smoke aerosols could lead to evaporation of cloud droplets or result in an
increase in atmospheric stability (see Hansen et al., 1997; Ackerman et al., 2000;
Lohmann and Feichter, 2001). While dry conditions enhance the concentration of
aerosols near the surface, the decline in precipitation over the years at SGP CF could,25

in part, be facilitated by the effect of smoke aerosols to increase cloud condensation
nuclei and cloud droplets number. This, in turn, will reduce cloud droplet size, coales-
cence and precipitation efficiency (see Rosenfeld, 1999).
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4.2. Smoke and dust aerosols at the Southern Great Plains Central Facility

Most of the smoke haze observed at the ARM site originates from agricultural field
burnings, local fire sources and oil refineries. However, smoke palls from remote forest
fires have also been observed at the ARM site (Peppler et al., 2000). Figure 8 shows
a NOAA AVHRR image as it captures smoke plumes (light blue) from numerous fires5

burning in Oklahoma, Kansas, Missouri and Arkansas on 28 March 2000 (21:49 UTC).
Figure 9a presents aircraft-measured vertical profiles of light absorption coefficient on
the afternoon (19:18–20:38 UTC) of 9 May 2000 (when no smoke was visible over
the SGP) and on the afternoon (20:42–22:19 UTC) of 11 May 2000 (when intense
smoke from the New Mexico forest fires was observed over SGP CF). Also presented10

on Fig. 9 are the mean vertical profiles of water vapor mixing ratio, relative humidity
(retrieved from the ARM Raman Lidar), and air temperature (obtained from AERI) on
the afternoon (20:00–21:00 UTC) of 9 and 11 May 2000. Lowest level values of r , RH
and Ta are from SMOS and the 25/60 m Tower at the central facility. Up to 1 km above
ground level (AGL), the light absorption coefficient recorded on the afternoon of 11 May15

is over 10 times that of 9 May. The difference in σa on the afternoon of these 2 days
continues to be substantial up to about 2 km, indicating the considerable vertical extent
of the smoke plume on 11 May 2000.

Contrary to the expectation of reduced r and RH (at lower levels) during drier and
smoky periods as well as low wind speeds favorable to trapping aerosols close to the20

surface, we observe here that the relative humidity is higher in the lowest 1 km and the
water vapor mixing ratio is higher up to 1.5 km on the afternoon of 11 May 2000. In the
same vein, while the mean hourly surface wind speed from 19:00 to 22:00 UTC was
only 5 ms−1 on 9 May 2000, it increased to 13 m s−1 on 11 May 2000. These are strong
indications that smoke aerosols are the major contributor to the observed variability25

of σa on 11 May 2000 at the SGP CF. In comparison with 9 May, the air is warmer
throughout the boundary layer and free troposphere on the afternoon of 11 May. This
could be due to the advection of a different air mass to the ARM site on 11 May. While
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the flow was mainly northerly from 19:00 to 22:00 UTC on 9 May 2000, it was southerly
on 11 May 2000.

Table 3 compares the inter-seasonal means of the optical properties of smoke-
dominated haze (Dp < 1µm) with those for dusty and foggy conditions (Dp < 10µm)
at the SGP CF from 1997 to 2001. Information about smoky, dusty and foggy condi-5

tions was obtained from the ARM Meta-data weather system. Dust plumes over the
SGP CF originate mainly from the surrounding agricultural fields and are enhanced by
gusty winds. There is a significant contribution to total absorption by dust particles,
during strong dust outbreaks. ω0 for smoke haze (0.91 ± 0.03) is much less than that
of dust (0.96 ± 0.03) and fog (0.96 ± 0.01). One implication of this is that dust and10

fog generally scatter more radiation than smoke aerosols. Most foggy conditions at the
SGP CF are recorded during winter. The single scattering albedo reported here for
dust is within the same order of magnitude of those given by Dubovik et al. (2002) (i.e.
0.92 ≤ ω0 ≤ 0.99) for desert dust. Hess et al. (1998) assumed ω0 = 1.0 for fog in
their optical properties for aerosols and clouds (OPAC) dataset. As indicated by their15

mean Ångström exponent and hygroscopic growth factor (Table 3), smoke aerosols at
the ARM site are smaller and more hygroscopic than dust. The aforementioned has
significant consequence on the radiative effect of smoke and dust aerosols.

4.3. Net diabatic impact of aerosols

The net diabatic impact (NDI) of aerosols on the Earth atmosphere system can be20

deduced from ω0, α and β, where β is the fraction of radiation scattered upwards by
aerosols and α is the albedo of the underlying surface. The net aerosol impact is a
warming if

NDI = ω0 − {2α/[β(1 − α)2 + 2α]} < 0 (7)

and cooling otherwise (Hegg et al., 1996). We obtain α from measurements of up-25

welling and downwelling shortwave radiation, and compute β at 550 nm from neph-
elometer backscattering measurements according to Sheridan and Ogren (1999). Sea-
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sonal values for β range from 0.25 to 0.30 (see Table 4). This range of values for β is
in agreement with those reported by Charlson et al. (1992), Chylek and Wong (1995),
and Hobbs et al. (1997). Figure 10 presents NDI for aerosols at the SGP. Since NDI
(which ranges from 0.17 to 0.28 for all examined cases) is positive in all seasons, it
follows that smoke- and dust-dominated haze, as well as all aerosols combined, pro-5

duce a net diabatic cooling at the ARM site. This is quite different from the effect of
Arctic haze, which produces a net warming in winter (Ackerman et al., 1986). In June,
however, Arctic aerosols produce a net cooling in the atmosphere (Hegg et al., 1996).
In general, the cooling produced by dust at the ARM site exceeds that of smoke, while
the annual NDI for all aerosols (0.20) at the SGP lies approximately halfway between10

that for smoke and dust. The net diabatic cooling of aerosols at the ARM site is most
pronounced in the spring owing to the relatively high single scattering albedo during
this season.

4.4. On the direct radiative forcing of aerosols

Based on the box-model of direct radiative forcing ∆FR of aerosols proposed by Charl-15

son et al. (1992) and extended by Chylek and Wong (1995), Iziomon and Lohmann
(2003) presented seasonal estimates of ∆FR for smoke-dominated haze at the SGP
CF. Here we compare seasonal ∆FR for smoke, dust and all aerosols combined at the
ARM site. The extinction optical depth τext is given by the sum of the optical depth for
light scattering τsc (where τsc = ω0τext) and the optical depth for light absorption τa.20

τext at 550 nm is computed from nephelometer measurements according to Bergin et
al. (1996, 2000). Table 4 presents seasonal estimates of β, τsc, τa and ∆FR at the SGP
CF (at 550 nm) for smoke and dust dominated haze as well as all aerosols combined
at the SGP CF. Direct radiative forcing is particularly sensitive to the single scattering
albedo.25

In absolute terms, the inter-seasonal mean of ∆FR for dust-dominated haze
(−1.3 W m−2) at the SGP CF is slightly less than that for smoke-dominated haze
(−1.4 W m−2). The high negative ∆FR for smoke dominated haze in spring relative
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to other seasons is mainly attributable to aerosol aging, higher extinction coefficient
and single scattering albedo of smoke aerosols. In general, the total direct radiative
forcing of all aerosols at the SGP exhibits an inter-seasonal mean of −1.5± 0.8 Wm−2,
with a maximum in the summer. Among others, the low solar elevation in winter par-
tially accounts for the relatively low ∆FR observed in the season. The inter-seasonal5

estimate of ∆FR for the ARM site agrees with the range (−0.07 to −1.24 Wm−2) of the
IPCC global estimate of total direct radiative forcing from industrial aerosols (IPCC,
2001). Since the number of available studies is still very limited, IPCC has not yet
assigned a best estimate for the global ∆FR of dust aerosols, but proposes a tentative
range of −0.6 to +0.4 Wm−2 (IPCC 2001).10

5. Summary and conclusions

Although tropospheric aerosols are of significant importance to climate change and
contribute substantially to the radiative forcing of the Earth’s climate, the understanding
of their climatic influence is compounded by their variable concentrations. The contin-
uous measurements of aerosol and meteorological variables by the ARM Program are15

capable of helping us to improve our understanding of feedback mechanisms, radiative
and cloud effects associated with aerosols.

It is noteworthy that the highest mean values of submicron light absorption co-
efficient, light scattering coefficient and OPC-measured particle concentration are
recorded in the summer at the site. In addition, the estimated direct radiative forc-20

ing of aerosols at the ARM site ranges from −0.7 W m−2 (in winter) to −2.4 W m−2 (in
summer), with an inter-seasonal mean value of −1.5±0.8 W m−2. The foregoing shows
that relative to winter, the atmosphere over the SGP in the summer season is less pris-
tine. Aerosol pollution in the summer could be due to a number of factors including
agricultural field burning activities and smoke plumes from remote forest fires, wind-25

enhanced dust episodes, as well as emissions from automobiles, oil refineries and
power plants. In particular biomass burning activities are more frequent at the ARM
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site in the summer season (and late spring) (Iziomon and Lohmann, 2003). We ob-
serve from the ARM data that σs and Rsp decrease with wavelength while b increases
with it. In contrast to the effect of Arctic haze, which produces a net warming in winter
(see Ackerman et al. 1986; Hegg et al., 1996), aerosols at the SGP CF produce a net
diabatic cooling in all seasons.5

The inter-seasonal mean of ω0 for smoke haze (0.91 ± 0.03) at the ARM site is
much less than that for dust (0.96 ± 0.03). This indicates that dust aerosols scatter
more radiation than does smoke aerosols. The Ångström exponent at the ARM site is
higher than that reported for marine environments. The low å in marine environments
can be attributed to the dominance of large sea salt aerosols (Horvath, 1993; Quinn10

et al., 1998). Furthermore, the mean hygroscopic growth factor of aerosols at the
SGP CF is lower than those reported for the marine environments. The suppression
of hygroscopic growth at the continental sites (relative to marine sites) could be due to
the influx of pollutants.

The decline in precipitation, column integrated water vapor and cloud fraction par-15

ticularly for 2000 and 2001 at the ARM site is associated with drought. The observed
inter-annual variability of σa could be indirectly related with the increasingly dry surface
conditions at the site. While we acknowledge that less precipitation implies less aerosol
scavenging and that atmospheric stability due to an anticyclonic air mass during dry
conditions could hamper cloud formation, we also do not rule out the possibility of the20

aerosol semi-direct effect for the observed downward trend in Ac. Aerosol chemical
analysis at the SGP are not presented here, since the measurement of aerosol chemi-
cal properties has only commenced recently at the SGP CF, but shall be the subject of
a future study.
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Table 1. Seasonal median of daily total number concentration of condensation particles Na,
OPC measured particle concentration Np, light absorption coefficient σa, light scattering co-
efficient σs, hemispheric backscatter fraction b, submicrometer scattering fraction Rsp single
scattering coefficient ω0 and Ångström exponent å at the SGP CF 1997–2001 

 

Variables λ (nm) Winter Spring Summer Autumn All seasons 
Na (cm-3) 780 4737 5578 4875 5007 5065 
Np (cm-3) 633 443 535 884 528 551 
σa (Mm-1) ~550 1.36 1.20 2.21 1.76 1.62 

450 40.6 44.6 50.7 38.6 43.0 
550 27.5 29.9 33.6 25.1 28.9 

 
σs  (Mm-1) 

700 15.9 17.0 19.7 14.1 16.9 
450 0.10 0.11 0.10 0.11 0.11 
550 0.11 0.13 0.12 0.13 0.12 

 
b 

700 0.16 0.17 0.16 0.18 0.17 
450 0.92 0.88 0.87 0.90 0.89 
550 0.90 0.84 0.82 0.86 0.85 

 
Rsp 

700 0.85 0.78 0.74 0.80 0.79 
ω0 550 0.95 0.95 0.93 0.93 0.94 

450, 550 1.90 2.01 1.98 2.02 1.98 
450, 700 2.06 2.17 2.15 2.19 2.15 

 
å 

550, 700 2.22 2.30 2.28 2.32 2.28 
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Table 2. Mean aerosol light absorbing coefficient σa, total light scattering coefficient σs, hemi-
spheric backscattering fraction b, Ångström exponent å, single scattering albedo ω0 and hygro-
scopic growth factor f (RH) (at 550 nm) for June and July at the ARM site with those measured
over the same period (except for Linan, China) during some major aerosol field campaigns (see
text for more details) 

 

Air mass 
origin 

 
Location 

σa 
(Mm-1) 

σs 
(Mm-1) 

 
b 

 
å 

 
ω0 

 
f(RH) 

 
Continental 

 

SGP CFa 
Sagresb 
Linanc 

Beijingd 

2.8±1.2 
-- 

23±14 
83±40 

41±6 
43±19 

353±202 
488±370 

0.11 
0.12±0.02 

-- 
-- 

2.1±0.1 
2.5±0.1 

-- 
-- 

0.94±0.2 
-- 

0.93±0.04 
0.81±0.08 

1.8±0.2 
1.5±0.1 
1.7-2.0 

-- 
 

Marine 
Cape Grime 

ACE 1fg 
Atlanticgh 

Polarg 

-- 
0.2±0.3 
0.4± 0.2 
0.4±0.3 

5.4±3.0 
4.1±2.8 
4.6±3.4 
4.0±1.0 

0.12±0.03 
0.11±0.02 

-- 
-- 

1.4±0.5 
1.2±0.3 
0.2±0.2 
0.3±0.3 

-- 
0.99±0.01 
0.98±0.01 
0.97±0.02 

2.4±0.4 
-- 

2.3±0.2 
-- 

(a) present study; (b) Carrico et al., 2000; (c) Xu et al., (2002); (d) Bergin et al., (2001); (e) Carrico et al., 
(1998); (f) Quinn et al., (1998); (g) Quinn et al. (2000); (h) Kotchenrurther et al. (1999) 
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Table 3. Inter-seasonal mean of hourly single scattering albedo ω0 (at 550 nm), hemispheric
backscatter fraction b (at 550 nm), Ångström exponent å (450 nm, 750 nm), and hygroscopic
growth factor f (RH) (at 550 nm) for smoky, dusty and foggy conditions at ARM SGP CF

 

 

Constituent ω0 b å f(RH) 
Smoke 0.91±0.03 0.14±0.02 2.0±0.1 1.6±0.2 
Dust 0.96±0.03 0.13±0.02 1.6±0.2 1.4±0.6 
Fog 0.96±0.01 0.11±0.01 2.0±0.1 1.9±0.2 
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Table 4. Seasonal estimates of aerosol upscatter fraction β, optical depth for light scattering
(τsc), optical depth for light absorption τa and aerosol direct radiative forcing ∆FR (W m−2) at
550 nm at the SGP CF 

 

Season 
Variables Aerosol Type Winter Spring Summer Autumn All Seasons 

Smoke 0.28 0.25 0.28 0.30 0.28±0.02 
Dust 0.27 0.28 0.25 0.27 0.27±0.01 

 

β All aerosols 0.26 0.27 0.26 0.27 0.27±0.01 
Smoke 0.032 0.141 0.071 0.032 0.069±0.05 
Dust 0.044   0.0485  0.029      0.085      0.052 ±0.02 

 

τsc  All aerosols 0.066 0.068 0.078 0.057 0.067  ±0.01 
Smoke 0.003 0.009 0.009 0.004 0.006±0.003 
Dust 0.001   0.0005 0.002 0.006        0.002±0.002 

 

τa  All aerosols 0.004 0.004 0.006 0.005 0.005±0.001 
Smoke -0.25 -3.14 -1.74 -0.52 -1.4±1.3 
Dust -0.65 -1.79 -0.90 -1.72 -1.3±0.6 

 
∆FR (W m-2) 

All aerosols -0.67 -1.82 -2.44 -1.04 -1.5±0.8 
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Fig. 1. ARM map showing the Southern Great Plains Region and surrounding locations.
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Fig. 2. Surface meteorological variables at the ARM SGP CF.
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Fig. 3. Mean diurnal variation of total number concentration of condensation particles Na, OPC-
measured particle concentration Np, light absorption coefficient σa, light scattering coefficient
σs, single scattering coefficient ω0, Ångström exponent å, hemispheric backscatter fraction
b, and submicrometer scattering fraction Rsp in winter (blue), spring (red), summer (green),
autumn (magenta) and during all seasons (black line) at the ARM SGP CF.
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Fig. 4. Frequency distribution of hourly precipitation at the ARM Southern Great Plains central
facility 1997–2001.
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Fig. 5. Monthly mean and standard deviation of submicron total particle concentration Ns,
OPC-measured particle concentration Np, submicron light absorption coefficient σa, light
scattering coefficient σs, single scattering coefficient ω0, Angstrom exponent a, hemispheric
backscatter fraction b and submicrometer scattering fraction Rsp.
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Fig. 6. Day to day variability of OPC-measured particle concentration, submicrometer scatter-
ing fraction, light absorption coefficient and single scattering albedo at the ARM site.
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Fig. 7. Least square fit of annual mean ozone (O3) mixing ratio, precipitation Pp, precipitable
water vapor PW V , relative humidity RH and cloud cover Ac at SGP CF from 1997 to 2001.
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Fig. 8. NOAA AVHRR images showing smoke plumes (light blue) from numerous fires burning
in Oklahoma, Kansas, Missouri and Arkansas on 28 March 2000 (21:49 UTC).
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Fig. 9. Vertical profile of (a) light absorption coefficient σa, (b) water vapor mixing ratio r , (c)
relative humidity (RH) and (d) air temperature Ta before (9 May: dotted line) and during (11
May: solid line) a smoke event at the SGP CF (see Text for details).
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ig. 10: Net diabatic impact of aerosols at the ARM Southern Great Plains Central Facility tic impact of aerosols at the ARM Southern Great Plains Central Facility 
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Fig. 10. Net diabatic impact of aerosols at the ARM Southern Great Plains Central Facility.
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