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We use Raman lidar profiles of water vapor mixing ratio, relative humidity, aerosol backscattering, and
aerosol extinction acquired over the last few yearsto study the variability of aerosols and water vapor
over the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site in Northern
Oklahoma. Autocorrelation functions computed as a function of altitude from these profiles show large
mesoscale variability in the aerosol backscattering and extinction profiles. Four day back trajectories
are computed using the National Oceanic and Atmospheric Administration (NOAA) Hybrid Single-
Particle Lagrangian Integrated Trajectory (HY SPLIT) model for this same period. A statistical
clustering method is used to classify the trajectories into large-scal e atmospheric transport patterns. The
Raman lidar measurements are combined with these trajectory analyses to show how the vertical profiles
of water vapor and aerosol extinction vary with these transport patterns, and to show the relationships
between these transport patterns and aerosol optical thickness and precipitable water vapor.

We also update our comparisons of the Raman lidar aerosol extinction profiles with aerosol extinction
profiles derived from airborne in situ aerosol profiling (IAP) measurements. The IAP aerosol extinction
measurements are typically 20-40% lower than the corresponding measurements from the lidars.
Differences may be due to corrections applied to the |AP data to adjust the dry aerosol scattering to
ambient relative humidity as well asto account for scattering by supermicron particles. Modifications to
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the | AP measurements to include aerosol scattering at a single elevated relative humidity will hopefully
help reduce these differences.

Introduction

Two of the primary objectives of ARM are: (1) relate observations of radiative fluxes and radiances to
the atmospheric composition and (2) use these relations to devel op and test parameterizations to
accurately predict the atmospheric radiative properties. Measurements of water vapor are especially
important in characterizing the atmospheric state because uncertainties in the water vapor field dominate
the spectral effects in the atmospheric window region (8.3-12.5 um). Radiosonde profiles of water
vapor have limited temporal resolution and often have insufficient accuracy (Revercomb et al. 2003).
Moreover, radiosondes generally have inadequate temporal and/or spatial resolution to observe small-
scale water vapor variability and to relate this variability to mesoscale and synoptic scales. We discuss
how the Cloud and Radiation Testbed (CART) Raman lidar (CARL) (Goldsmith et al. 1998) can provide
water vapor measurements that examine water vapor variability across awide range of atmospheric
scales

Vertical profiles of aerosol properties are required for the computation of radiative flux profiles. ARM
has supported the devel opment of systematic and routine measurements of aerosols at the ARM SGP
site, including measurements by surface in situ instruments as well as by lidars and periodic aircraft-
bornein situ sensors. These efforts have primarily focused on measurements of aerosol optical
thickness (AQT), retrievals of vertical profiles of aerosol scattering and extinction, and surface
measurements of aerosol optical and physical characteristics. CARL has been used to measure profiles
of aerosol extinction as well as water vapor (Turner et al. 2001) and for identifying occurrences of large
vertical variations in aerosol intensive (e.g. size, shape, composition) properties through measurements
of the aerosol extinction/backscattering ratio (“lidar ratio”) (Ferrare et al. 2001). The ARM IAP
measurement program (Andrews et al. 2001) is a unique activity where routine measurements of aerosol
scattering, backscattering, and absorption are acquired by in situ instruments on a small aircraft flown
two to three times per week on along term (i.e., multi-year) basis. We compare the CARL and IAP
water vapor and aerosol measurements.

Instruments

CARL autonomously measures profiles of aerosols, optically thin clouds, and water vapor in the low to
mid troposphere throughout the diurnal cycle (Goldsmith et al. 1998). A tripled Nd:YAG laser,
operating at 30 Hz with 350-400 millijoule pulses, is used to transmit light at 355 nm. A telescope
collects the light backscattered by molecules and aerosols at the laser wavel ength and the Raman
scattered light from water vapor (408 nm) and nitrogen (387 nm) molecules. Profiles of water vapor
mixing ratio, relative humidity, aerosol backscattering, and aerosol extinction are derived routinely
using a set of automated algorithms(Turner et a. 2002). Water vapor mixing ratio profiles are
computed using the ratio of the Raman water vapor signal to the Raman nitrogen signal. Relative
humidity profiles are computed using these profiles and the temperature profiles from the collocated
Atmospheric Emitted Radiance Interferometer (AERI) (Revercomb et a. 1993). The water vapor
mixing ratio profiles are integrated with atitude to derive precipitable water vapor (PWV). Profiles of
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aerosol scattering ratio are derived using the Raman nitrogen signal and the signal detected at the laser
wavelength. Aerosol volume backscattering cross section profiles are then computed using the aerosol
scattering ratio and molecular scattering cross section profiles derived from atmospheric density data.
Aerosol extinction profiles are computed from the derivative of the logarithm of the Raman nitrogen
signal with respect to range. AOT isderived by integration of the aerosol extinction profile with
atitude.

The IAP suite of instruments, developed at NOAA/CMDL, consists of a nephelometer to measure
forward and backward scattering by aerosols at three wavel engths (450, 550, and 700nm), and a
particle/soot absorption photometer (PSAP) to measure light absorption at a single wavel ength (adjusted
to 550 nm) (Andrews et al. 2001). The air sampleis heated if necessary so that these measurements are
made at arelative humidity less than about 40%. A 1-um impactor removes supermicron (i.e., diameter
>1 um) particles so that only fine particle scattering and absorption are measured. A Vaisala Humicap
50Y capacitive sensor measures ambient relative humidity. These instruments are deployed on board a
Cessna C-172N aircraft. Flights are made two or three times each week, during daytime hours at nine
level flight legs over (or near) the ARM Central Facility at altitudes from about 0.2 to 3.7 km above
ground level.

Trajectory Analysis

Four-day back trajectories were computed using the NOAA HY SPLIT4 model
(http://www.arl.noaa.gov/ready/hysplitd.html, NOAA Air Resources Laboratory, Silver Spring,
Maryland). These trajectories were computed at several altitudes every three hours for the period
between January 2000 and December 2002. A cluster analysis method (Dorling et al. 1992) was used to
objectively group these trgjectories and to discriminate distinct flow patterns and large-scale circulation
patterns (Stohl 1998). Figure 1 shows clusters of back trajectories computed at 600 m above the surface
for the summer (June, July, and August) months during this period. The percentages of trgjectories that
were represented by the various clusters are shown. Note that over two-thirds of the trajectories show
air parcels originating southeast of the SGP site; most of these trajectories originated over the Gulf of
Mexico. Figure 1 also shows that these trgjectories were also confined to atitudes below about 1.5 km.
Few (<15%) of the tragjectories were observed to originate northwest of the SGP site. In contrast,

Figure 2 shows that nearly two-thirds of the trgjectories originated to the west or northwest of the SGP
site during the winter; less than 5% of the trgjectories originated from southeast of the site.

Profiles of average aerosol extinction and water vapor mixing ratio corresponding to the various
trajectory groups were computed from the CARL data and are also shown in Figures 1 and 2. Those
trajectories that originated from the southeast and east of the SGP site had the highest aerosol extinction
and water vapor amounts regardless of season; conversely, those trgjectories originating from the west
and northwest typically had the smallest aerosol extinction and water vapor amounts. Thisresultis
further illustrated in Figures 3 and 4. Figure 3 (left panel) shows trgjectory clusters computed when
CARL measured aerosol optical thickness (355 nm) greater than 0.4, which occurred 24% of the time,
and Figure 3 (right panel) shows trgjectory clusters computed when CARL measured aerosol optical
thickness less than 0.1, which occurred 19% of the time. Figure 4 shows similar results for precipitable
water vapor. These results show that air parcels originating from the east and southeast typically
occurred during the summer and had the highest aerosol extinction and water vapor amounts, while
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those tragjectories originating from the west and northwest typically occurred during the winter and had
the lowest aerosol extinction and water vapor amounts. These observations of high aerosol extinction
and water vapor amounts associated with southeasterly and easterly tragjectories is consistent with
increased aerosol extinction associated with hygroscopic growth of aerosol particles as with the
transport of air masses from urban/industrial areas.

Water Vapor and Aerosol Variability

We have begun to examine aerosol and water vapor variability using atime series of over 54,000 CARL
profiles acquired during 2000 and 2001. This set corresponds to cloud-free conditions below 3 km
observed over the SGP site. Figure 5 (left panel) shows the series of 10-minute averaged water vapor
measurements acquired at an altitude of 0.47 km during this period. The annual variability is clearly
seen in thisfigure. Anindication of the diurnal and mesoscale variabilities of water vapor can be seenin
the inset in Figure 5, which shows an expanded view of the data acquired over the week between
November 25 and December 2, 2000. The right panel in Figure 5 shows first and second order temporal
structure functions for water vapor mixing ratio at 0.47 and 2.0 km. Changes in the slopes of these
structure functions at around 8-10 hours indicate a scale break that corresponds to a spatial scale of
about 180-360 km for wind speeds of 5to 10 m/s. This scale break is associated with the transition to a
stationary regime also found from the multi-filter rotating shadowband radiometer (MFRSR) aerosol
optical thickness measurements (Alexandrov et al. 2003). Note also the scale break associated with the
seasonal scales around 1000-2000 hours. Inset to the right panel in Figure 5 illustrates the structure
function exponents, £(q), for momentsfrom 1 to 5. The power law spectral slope = {(2) +1 varies
between 1.8-2.0, similar to the range found using aircraft in situ water vapor measurements acquired in
the extratropical free troposphere (Cho et al. 2000). In contrast to these lidar data, their spectral
exponent increased with altitude. Figure 6 shows the corresponding time series of aerosol extinction
measurements, structure functions, and structure function slopes. Here changes in the slopes of these
structure functions at around 6-8 hours indicate a scale break that corresponds to a spatial scale of about
200-280 km for wind speeds of 5to 10 m/s. The power law spectral slope 3 = £(2) +1 varies between
1.6-1.8 and a so decreased with atitude.

Autocorrelation functions for water vapor mixing ratio, relative humidity, aerosol backscattering, and
aerosol extinction were computed at various altitudes using the 10-minute resolution CARL data
acquired during 2000 and 2001. Figure 7 shows these autocorrelation functions computed for various
atitudes. Water vapor shows less variability than aerosol backscattering and extinction, particularly
near the surface. Temperature variations apparently produce alarge diurnal variability in the relative
humidity, since there appears to be much less diurna variability in the water vapor mixing ratio. This
diurnal variability in relative humidity also leads to the diurnal variability in the aerosol extinction due
to the hygroscopic growth of the aerosols as discussed above (Ferrare et al. 2003). For a given temporal
lag and altitude, the autocorrelation function for water vapor is considerably larger than for aerosol
backscattering and extinction, which indicates that there was less mesoscale variability in water vapor
mixing ratio than aerosol backscattering and extinction. A recent study using ground, aircraft, and
spaceborne measurements al so found significant and general mesoscale variability in aerosol scattering
(Anderson et a. 2003).
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Comparison of CARL and IAP Measurements

We have aso continued our comparisons of CARL and |AP measurements, using data acquired between
May 2000 and December 2002. As shown in Figure 8, relative humidity derived from the CARL and

| AP data show generally very good agreement, with average differences of about 5%. Aerosol
extinction derived from the | AP data appears to be about 30-40% smaller, on average, than
corresponding values from the Raman lidar data. The AP aerosol extinction profile (dry) represents the
sum of dry aerosol scattering and absorption at 550 nm. In order to compare with the Raman lidar
extinction profile corresponding to ambient relative humidity, two corrections were applied to the AP
(dry) profile. The nephelometer aerosol scattering and resulting extinction profiles were scaled to the
ambient relative humidity using a humidification (i.e., hygroscopic growth) factor derived from
measurements of light scattering as a function of relative humidity made at the surface (Andrews et al.
2001). (No attempt was made to correct PSAP measurements of dry aerosol absorption to ambient
relative humidity.) In addition, since the | AP measurements do not account for scattering from
supermicron (>1 micron) particles, which is on average about 15% of the aerosol light scattering at
550nm at the surface (Sheridan et a. 2001), an additional increase of 15% was applied to derive an
estimate of the AP aerosol extinction profiles at ambient conditions. The CARL aerosol extinction
profiles at 355 nm were scaled to 550 nm using the wavel ength dependence of aerosol scattering
measured between 450 and 550 nm derived from the |AP measurements. Currently, the reasons for the
differences between aerosol extinction derived from the CARL and IAP are not known, but may be
related to the corrections applied to the |AP data to adjust the dry aerosol scattering to ambient relative
humidity as well asto account for scattering by supermicron particles. Note also that the Raman lidar
measurements of aerosol extinction below about 800 m are derived by assuming that the aerosol
extinction/backscatter ratio measured above 800 m also applies below thislevel (Ferrare et al. 2001).
Future IAP measurements will include aerosol scattering at a single elevated relative humidity to help
reduce the uncertainties associated with the humidification correction.
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Figure 1. (Left) Mean cluster trajectories arriving over the ARM SGP site during the summer. (Right) Average water vapor and
aerosol extinction profiles derived from CARL data corresponding to the mean cluster trajectories.

€002 ‘v |Udy-TE yote\ ‘opelojo) ‘plaiwoolg ‘sbuipaadoid Bunasiy wea | aoualds NHY YiusauiylL




T T T T T T T T ]
6 Winter Percentage of _
Trajectories ]
c— A 3206 ]
5 B 15% ]
g M. of Traja: 1672 (Wil M Cliater Trijectoei Tra| it all: 800 AGL _ _g ﬁﬁ;‘: ]
! ! PN g I E4 —E 3w .
i e —F 1% 1
\'i. | S 3 —G 7% ]
T\ﬁ- 2 —H17% ]
< ]
80 23C .
1 .
a i ol 03 . - .
' =t 0 2 4 6 8 10
i \?‘ Water Vapor Mixing Ratio (g/kg)
T : Winter ]
o1E-16% | L i 6 Percentage of 1
! i1 ; ! : R L Trajectories 1
11 SRRET 1 O S ...i‘,_._h.:...... e :.:11,? .......... : .:..1-.._;5,,..;“__“ - 5 A 3006 1
= 2% —-—— | : A ——B15% ]
{ ! ! Yy, | ! —~ & —C 13% ]
[+ I 120 110 100 A0 L 80 E 44N Dl%% 1
‘EL S T L B S S i E 3% ]
g —F 1% ]
- 7 2 3H G % ]
e o T TPy e s g e e e s = 1Y —H17% ]
< [ ]
' - - 213 H .
] .~ W - E ]
- H""--.. ) _-
1] — | I S T N — S W R T — 0
o6 -84 T2 B0 A0 36 oM -2 0 12 0.0 o1 02 03 0.4

12

Bock _Tra| Tima{hra)

Figure 2. Same as Figure 1 except for winter.
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Figure 3. (Left) Mean trajectory clusters for cases when CARL measured AOT (355 nm) <0.1; (Right) Mean trajectory clusters
for cases when CARL measured AOT (355 nm) >0.4.

Figure 4. (Left) Mean trajectory clusters for cases when CARL measured PWV <1 cm; (Right) Mean trajectory clusters for cases
when CARL measured PWV >3 cm.
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Figure 5. (Left) Times series of water vapor mixing ratio at 0.47 km measured by CARL during 2000-2001. (Right) First and
second order structure function and structure function slopes (inset) derived from CARL time series data at 0.47 and 2.0 km.
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Figure 7. Autocorrelation functions computed using CARL data from 2000-2001.
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