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Abstract

Atmospheric aerosols exert significant influence on the climate and cause problems in
human health and ecosystem. This dissertation reports aerosol physical and optical properties
obtained from ground based remote sensing instruments, the Multifilter Rotating
Shadowband Radiometer (MFRSR) and Cimel sun photometer, and in-situ measurements
from photoacoustic (PA) instruments. The measurements were performed during California
Rim fire of 2013, desert storm of 2013, and clear sky days. A 2-stream radiation transfer
model and Mie theory were used to calculate the retrieved values of solar irradiances and
aerosol optical properties. The ground based measurements were also compared with the

satellite (Terra MODIS, Agua MODIS and Deep Blue) measurements.

The aerosol optical properties retrieved with the MFRSR show excellent agreement
with those obtained with a co-located Cimel sun photometer. However, the comparison with
the satellite measurements indicates significant departure from the ground based
measurements. The values of the aerosol optical depth (AOD) and Angstrém exponent (AE)
during the Rim fire event remained higher than clear sky days due to the presence of smoke
particles in the atmosphere. However, the values of AOD during the dust storm were higher
but the AE become lower than the clear sky days due to the presence of large particles in the
atmosphere. The concentration of the fine mode (diameter less than 1 pm) dominates over
the coarse mode (diameter greater than 1 um) particles during the Rim fire, while coarse

particles were more prevalent during dust storm.

Back trajectory analysis during the Rim fire indicated that the southerly wind

brought the plumes of smoke which originated at California Rim fire toward Reno. Similarly,



the back trajectory analysis during the dust storm suggested that the dust was generated from

the Humboldt sink and traveled towards Reno.

The single scattering albedo (SSA4) was found to decrease with wavelength due to the
absorption of solar radiation by the small black carbon particles present in the wild fire
smoke. However, the SS4 during the dust storm increases with wavelengths, which is due to
significantly lower absorption of the dust aerosols at longer wavelengths (675-1020 nm)
compared to biomass burning aerosols. It was interesting to note that the SS4 values from in
situ photoacoustic measurements and from the MFRSR retrievals were of very similar values
during the Rim fire, suggesting that the smoke was well mixed in the atmospheric boundary

layer. These novel measurements are reported here for the first time.

It was found that the radiative forcing at the top of the atmosphere (TOA) varied
between —38 W/m? to —65 W/m? from MFRSR and Cimel during the Rim fire, suggesting
a massive cooling effect due to scattering of solar radiation by the high aerosol loading. By
comparison, the radiative forcing at the TOA ranged between —0.5 W/m? to —1.8 W/m?

during clear-sky days.
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Chapter 1 Introduction

1.1 Atmospheric Aerosol

Atmospheric aerosols are fine solid or liquid particles suspended in a gas, which are
emitted directly into the atmosphere by anthropogenic (e.g. fuel combustion, industrial
processes, transportation) and biogenic (e.g. soil, volcanoes, mineral dust) sources or formed
indirectly in the atmosphere by gas-to-particle conversion processes (Seinfeld and Pandis
2006). The aerosols which are directly emitted to the atmosphere are called primary aerosols,
and those formed indirectly in the atmosphere are called secondary aerosols.

The concentrations, size and chemical compositions of atmospheric aerosols vary
considerably in space and time, and consequently so do their effects on radiative properties.
The sizes of the atmospheric aerosol particles are generally from a few nanometers (nm) to
hundreds of micrometers (um) in diameter (Pluschke, 2004). The fine aerosol particles (less
than 1 um diameter) originate mostly from condensation of the gases and incomplete
combustion, and coarse aerosol particles (more than 1 um diameter) are emitted due to re-
suspension due to wind, and sea salt aerosols produced from breaking waves. Vehicle
emissions and gas to particle conversion processes, including gaseous precursor emissions
from vegetation such as pine forests are some of the sources for the fine mode aerosol in the

atmosphere.

1.2 Effects of the Atmospheric Aerosol
1.2.1 Effects on Climate

Atmospheric aerosols have significant impacts on local and regional climate change
(Chou et al. 2005). Human activities such as vehicle emissions, wood burning, and industrial

processes are the local sources of urban air pollution (Mayer 1999). The atmospheric aerosols



are organic and inorganic matter composed of fine and coarse particles that are suspended in
the atmosphere and play an important role on the Earth‘s radiative forcing (Charlson et al.
1992). So-called “top of atmosphere” (TOA) radiative forcing is defined as the difference of
solar radiation at the top of the atmosphere received by the Earth and energy reflected back to
space.

Atmospheric aerosols affect the earth radiative balance in two ways. The first one is
the direct radiative forcing effect, in which the absorption and scattering of solar radiation
takes place by the atmospheric aerosols. During scattering, the sun light reflecting back to
space has a cooling effect on the climate. The chemical composition of the aerosol
determines how much solar radiation will be absorbed and scattered in the atmosphere.
Sulfate, nitrate, and some organic aerosols scatter the solar radiation, providing a cooling
effect (Dickerson et al. 1997). The black carbon and brown carbon absorb radiation giving a
warming effect (Andreae and Gelencsér, 2006). The atmospheric aerosols from biomass
burning and fuel burning processes can absorb and scatter solar radiation that convert the
solar energy into heat energy and reflected light that produces a warming or cooling effect on
climate, depending on the aerosol nature (Lohmann and Feichter, 2001).

The second way that aerosols impact climate is the indirect radiative forcing effect,
which is further divided into two parts. The first indirect effect is associated with the cloud
condensation nuclei role aerosols play in determining the number of cloud droplets, and the
droplet size decreases for a fixed amount of liquid water, thereby increasing the cloud albedo
(Twomey, 1974). The second indirect effect is when aerosols change the cloud lifetime,

caused by modification of the cloud droplet fall speed and precipitation processes (Albrecht



1989). Both of these effects may cause an increase of the cloud reflectivity and give rise to a

cooling effect on the atmosphere.

1.2.2 Effects on Human Health

Atmospheric aerosols have serious effects on human health, affecting a number of
different systems and organs. The health effects of the aerosols are mainly due to impacts on
respiratory function, and irritants to the eyes. The effects range from minor upper respiratory
irritation to chronic respiratory, lung and heart disease (Kampa and Castanas, 2008). Some
other effects are serious respiratory infections in children and chronic bronchitis in adults
(Kampa and Castanas, 2008). Fine particles with a diameter below 1 pum transport harmful
toxic chemicals into the human respiratory system (Siegmann, Scherrer, and Siegmann 1998)
and are associated with lung cancer and cardiopulmonary mortality (Dockery et al. 1993,

Pope et al. 2002).

1.3 Description of the Study

This study examines the optical and physical properties of aerosols, using three
ground-based instruments and satellite measurements taken during the California Rim fire,
desert dust, and clear-sky days. The ground-based measurements were obtained by using the
Multi-Filter Rotating Shadowband (MFRSR), Cimel sun photometer, and photoacoustic
instruments at the University of Nevada Reno (UNR). The satellite measurements provide
the aerosol properties with nearly complete global coverage. The measurement strategies of
the satellite are complicated due to different reflectance of various surfaces. It is difficult to
separate the aerosol and surface contributions to the solar radiation received by satellite
sensors. The ground-based remote sensing applications support evaluation and development

of satellite retrievals protocols for determining aerosol properties.



The ground-based devices measure the down-welling solar radiation reaching the
detector. The MFRSR measures the diffuse and total irradiances, from which the direct
irradiances can be calculated, whereas the Cimel measures the direct radiance. The diffuse
irradiance is the amount of the solar radiation received per unit area at the surface, coming
from light scattered by molecules and particles in the atmosphere. The direct irradiance is the
solar radiation received directly from the sun. Generally speaking, the contribution of
scattering to the direct irradiance is very small. The measured direct irradiance is used to
determine the spectrally resolved aerosol optical depth (AOD). The AOD is a basic optical
measurement of aerosol loading in the atmosphere (K. H. Lee 2010). The optical activity of
aerosols in the atmospheric column can be summarized by the wavelength dependence of the
AOD.

Satellites provide wide spatial coverage but poor temporal sampling; some inherent
difficulties and uncertainties cause errors in their retrieval accuracy (Li et al. 2009). The
satellite MODIS dark-target retrieval can provide global coverage AOD values with
estimated uncertainty errors of +(0.03 + 0.05 x AOD) over the oceans and +(0.05 + 0.2 *
AOD) over land (Kaufman, Tanré, and Boucher, 2002), whereas the Deep Blue retrieved
AOD values with estimated uncertainty errors of +(0.04 + 0.1 * AOD) over bright surfaces
like the Great Basin and the Saharan desert (Shi et al. 2012). The actual uncertainty of
satellite retrievals is probably larger; therefore the satellite AOD observations with near
global coverage are supplemented by the ground-based measurements. The ground-based
instrument measured AOD can be obtained at much higher temporal resolutions and with
more accuracy (K. H. Lee 2010). The ground based MFRSR and Cimel measurements can

provide more accurate AOD values with uncertainty errors of +0.01 (Holben et al. 1998).



Particle size is an important parameter for characterizing the physical properties of
atmospheric aerosols. Aerosol size distribution gives the relative concentrations of aerosol
particles present in the atmosphere, arranged according to size (Queface, 2013). The size
distribution of the aerosol particles in the atmosphere is often assumed to be a bimodal
lognormal distribution that represents fine mode (diameter less than 1pum) and coarse mode
(diameter greater than 1 um) aerosols (Kassianov et al. 2007, Dubovik et al. 2002). The
direct-to-diffuse ratio (DDR) is used to estimate the values of the single scattering albedo
(SSA) and asymmetry parameter (ASY). The SSA is the fraction of the aerosol light extinction
due to scattering and the ASY specifies the degree of scattering in the forward direction,
varying from -1 (backward direction) to +1 (forward direction).

A 2-stream radiation transfer model and Mie theory are used to calculate the model
values of DDR that are compared to the observed values of the DDR for the calculation of
SSA and ASY. The photoacoustic instruments provide SSA values that may be compared to
the SSA values found from the MFRSR retrievals. The estimated uncertainty error in MFRSR
and Cimel derived values of SSA and ASY are about +0.03 to 0.04 (Kassianov et al. 2007).
The information about the aerosol properties such as AOD, SSA and ASY are used to calculate

the all-important aerosol impact on solar radiative forcing at the top of the atmosphere.



1.4 Outline of Dissertation

The aim of this research is to study the optical and physical properties of aerosols,
and direct radiative forcing of aerosols during the smoky, dusty and clear sky days. There are
six chapters in this dissertation. The chapter 2 describes the working principle of the ground
based MFRSR, Cimel and photoacoustic instruments. The brief descriptions of the Terra
MODIS, Agua MODIS and Deep Blue measurements are also presented in this chapter. The

Langley regression retrieval algorithm is explained for the determination of the AOD.

Chapter 3 presents the retrieval algorithm for the aerosol properties (aerosol size
distribution, SSA, ASY) and radiative forcing measurements. A 2-stream model for the

determination of the SSA and ASY is also described in this chapter.

Chapter 4 describes the AOD, Angstrom exponent (AE) and aerosol size distribution
during the Rim fire (August, September 2013), dust storm (April 24, 2013) and clear sky
(May-October, 2013). The comparison of the ground-based and satellite measurements of

AOD are also described in chapter 4.

In chapter 5, the measured solar irradiances (diffuse, direct and global) from MFRSR
are compared with the retrieved solar irradiances from the 2-stream model. The retrieved SSA
and ASY are obtained using MFRSR and Cimel during the Rim fire, dust storm and clear sky
days. The comparison of the SSA from MFRSR and photoacoustic instruments is investigated
for the Rim fire and for the clear sky days. The radiative forcing of the aerosol during the
Rim fire and clear sky days are also compared in chapter 5. A summary of the dissertation

and future outlook is given in Chapter 6.
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Chapter 2 Instrument Description
2.1 Multi-Filter Rotating Shadow-band Radiometer (MFRSRS)

2.1.1 Instrument Description and Operation

The MFRSR (Fig. 2.1) is a microprocessor controlled data acquisition instrument,
which is used to collect spectral solar irradiance. It was developed by a team of scientists: L.
Harrison, J. Michalsky and J. Bernt in a collaboration between the Atmospheric Science
Research Center and the State University of New York and Battelle‘s Pacific Northwest
Laboratory. The MFRSR is commercially manufactured by Yankee Scientific. The Multi-
Filter successively passes different wavelengths of light; the Rotating Shadow-band is a
motorized arm that periodically covers the sensor; and the Radiometer measures the intensity
of passed solar radiation. It is environmentally sealed and thermally stabilized at around 40

OC temperature (Chen et al. 2013).
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Figure: 2.1 Basic geometry of a MFRSR (Hodges and Michalsky, 2011).



The MFRSR is a field instrument that makes simultaneously spectral measurements
of the horizontal solar irradiances at six nominal wavelengths: 415, 500, 615, 673, 870, and

940 nm.

(@) (b) (©) (d)

Figure 2.2 (a) The MFRSR in home position (nadir position), (b) First side measurement
(fsb) at 9° off the sun blocking direction, (c) Middle measurement with the sun blocked,
(d) Second side measurement (ssb) at 9° off the sun blocking direction (Muguel Bustamante,
2010).

The MFRSR makes independent measurements of the global and diffuse solar
spectral irradiances. The global and diffuse irradiance measurements are used to calculate the
direct normal irradiance. A single data record from the MFRSR is a set of four measurements
(GB Hodges and Michalsky, 2011): (i) the initial horizontal measurement (total horizontal
irradiance, toty,,) is taken when the shadow band is in a home position (Fig. 2.2a, the nadir
position); (ii) the first of the two side-band measurement (fsb) is taken when the shadow-
band is 9° off the sun blocking direction (Fig. 2.2b); (iii) the sun blocking measurement (blk)
is taken when the shadow band blocked the sensor (Fig. 2.2c); and (iv) the second of the two
side-band measurements (ssb) is taken when the shadow band is 9° off the sun blocking
direction (Fig. 2.2d). These measurements are executed when the curved metal strip (shadow

band) rotates around the sensor shown in Fig. 2.2.
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Figure 2.3 MFRSR Spectral Band filters; at center is the silicon with a range of 415-940
nm (from http://uvb.nrel.colostate.edu/UVB/ins_vismfrsr.jsf).

The MFRSR channels (Fig. 2.3 shows the sensors that measure each wavelength) are
classified as the following: channels 415 nm, 500 nm, 673 nm, and 870 nm are mostly
sensitive to aerosols; channel 615 nm is sensitive to ozone as well as aerosols; and channel
940 nm is sensitive to water vapor; this channel is excluded from this dissertation. The
MFRSR is an important instrument in atmospheric research due to its automatic operation

and its robustness (Muguel Bustamante, 2010).

11



2.1.2 Dark Offset Correction

Night-time data are averaged to calculate the dark offset (offset), which is subtracted
from all the measurements in the daytime before any further calculation. The diffuse
horizontal irradiance is expressed by using the measurements obtained during the four
measurements steps described in and below Fig. 2.2 (Chen et al. 2013). The diffuse horizontal

measurement, dify,,, IS given by

difyor = blk + toty, — (F52) 2.1)

2

where the other variables are defined below Fig. 2.2.

The direct horizontal (diry,,,) is obtained from

ditpor = (t0tper — of fset) — (difnor — 0f fset) (2.2)

ditpor = tOtpor — difpor (2.3)
and

dityer = (F222) = bk. (2.4)

The direct horizontal component in Eq. 2.4 is used for aerosol optical depth determination.
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2.1.3 Cosine Response Correction

The cosine correction is the normalized ratio or error of the measured angular
response for each MFRSR channel. The theoretical cosine correction is equal to one when
the sun is direct overhead. The instrument response at other angles is called the cosine-
response. Ideally, the MFRSR would have a response that varies as the cosine of the zenith
angle. However, the actual instruments hardly match this ideal (Seckmeyer and Bernhard
1993; Michalsky, Harrison, and Berkheiser 111 1995; Feister, Grewe, and Gericke 1997). The
magnitude of the cosine error can vary from a few percent to 20 percent, depending on the
atmospheric conditions and characteristics of the system (Bais et al. 1998). The cosine
correction for each MFRSR is recorded in the Solarinfo file. The cosine corrected diffuse
horizontal (cor_dify,,), direct horizontal (cor_diry,,) and total corrected horizontal

(cor_toty,,) measurements are given below:

cor_difpor = U hor , (2.5)

(dif fuse cosine correction)

cor_dityor = (direct cocslii:l’ewcrorrection) ' (2.6)
and
cor_toty,, = cor_difpor + cor_diry,, , (2.7)
Then, the direct normal measurement is calculated as:
dityopm = (<o tter) , (2.8)
cos6

where 6 is the solar zenith angle.
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Fig. 2.4 shows an example of the corrected diffuse horizontal irradiance, direct
normal irradiance and total horizontal irradiance, for all channels on a cloud free day using
the UNR MFRSR. The scattering of the solar light due to the presence of the aerosol in the
atmosphere plays an important role in solar radiation transfer that can be diagnosed using
data like that shown in Fig. 2.4. The amount of scattered light depends upon the size and
concentration of the aerosol particles and wavelength of solar light. The intensity of light
varies as sixth power of particle size, and varies inversely with the fourth power of the
wavelength for the particles much smaller than the wavelength of the light (Rayleigh
regime). For particles larger than the wavelength of light the Mie scattering model is used for
the scattering intensity. Mie scattering differs from Rayleigh scattering in several respects; it
is roughly independent of wavelength and it is larger in the forward direction, than in the
reverse direction. For the cloud free clear sky day, the values of the diffuse irradiance
decrease as the wavelength increases for the example shown in Fig 2.4 because it is a
relatively clear day where Rayleigh scattering by N, and O, dominates. On clear days, the
diffuse irradiance value for 415 nm is highest and the lowest value is for 940 nm, because the
415 nm channel of the MFRSR is especially sensitive to aerosols and Rayleigh scattering by
molecules, while the 940 nm channel is least sensitive to these factors, and also is subject to

absorption due to water vapor.

The top panel of the Fig. 2.4 shows variation of the direct normal irradiance for
different wavelengths. In the comparison of the 415 nm and 870 nm curves, the 870 nm data
is notably flat whereas the 415 nm data is curved. The direct normal irradiance depends on
the optical depth and airmass (see Eqg. 2.9). The airmass changes with time of day. The values

of airmass at morning and the evening times are higher than the mid-day time (between 10
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AM to 4 PM), with values between 1.6 to 2.3 for that clear day and the time interval
indicated. The total optical depths for these wavelengths depend on the aerosol optical depth
and Rayleigh scattering optical depth. However, the Rayleigh optical depth and aerosol
optical depth for the 415 nm are much higher than that for the 870 nm. Due to the low optical

depth, the 870 nm curve is flatter than the 415 nm curve.

In Fig 2.4, we calculated the direct horizontal irradiance (leading to the top panel) by
subtracting the diffuse horizontal irradiance (middle panel) from the total horizontal
irradiance (bottom panel). However, the direct normal irradiance values in the top panel are
calculated by dividing the direct horizontal irradiance values by the cosine of the solar zenith
angle. Due to this reason, the lower panel of Fig. 2.4 has total horizontal irradiance values
that are generally smaller than the direct normal irradiance values for all wavelengths

because of the definition of the direct normal irradiance.
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Figure 2.4 Example of daily solar plots from University of Nevada Reno site for February
15, 2013 using data from all channels.
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2.1.4 Langley Regression Retrieval Algorithm
The MFRSR is located on roof of the physics building of the University of Nevada

Reno (39.52°N, 119.81°W), measuring solar irradiance at six narrowband wavelengths (415,
500, 615, 673, 870, and 940 nm). The total optical depth (z;,;) is calculated using the
standard Beer’s law approach (Hand et al. 2004).

I(4) = Iy(D)e ™ Feot | (2.9)
where I(4) is solar irradiance measured at the site of the instrument, I,(1) is the solar
irradiance at the top of the atmosphere and m is the airmass factor. The airmass is the amount
of atmosphere between the sun and the earth’s surface, normalized such that the airmass is
equal to one when the sun is directly overhead (Koontz et al. 2013). Given the time of day
and the site’s latitude and longitude, the airmass is calculated using the formula (Kasten and

Young 1989).

1
m =
{c0s8+0.50572%(96.07995—9)~1.6364}

: (2.10)

where 6 is the solar zenith angle (Fig. 2.5) as measured from directly overhead to the

geometric center of the sun's disc, as described using a horizontal coordinate system.
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Figure 2.5 Basic ideas about the solar zenith angle and airmass.
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Recall that lo and | are calibrated quantities with units of W/m?nm. In practice, we
do not know what these quantities really are, prior to the calibration procedure. The MFRSR
measures irradiances in uncalibrated units of “counts”, V, related to the voltage output of the
detectors. Conversion of “counts” to calibrated units can be done several ways, e.g., using a
standard lamp or Langley regressions. However, to find optical depths, we can use
uncalibrated data, because the optical depth depends only on the ratio of V and V, and
therefore the calibration coefficients are irrelevant. To find this ratio V/Vy, we first find Vq
using Langley regressions.

The most important calibration assumption is that the atmosphere does not change
with respect to time during the Langley regression on a given day, and that the day is
cloudless, or the effect of clouds can be removed. To reduce the problem to a linear
regression, the logarithmic form:

In(V(D) = = teoe *xm + In(Vo(D)) (2.11)
is used. This equation is similar to the linear form of a straight line:

y=ax+b , (2.12)
where b = ln(VO()l)) and a = —14,; IS the slope of the line (which is the negative optical
depth). The best fit values for the coefficients V,(1) and 7., ideally must be determined by
applying a linear regression under perfectly clear sky conditions. For the real-world MFRSR
data, we perform this operation for morning and afternoon when the airmass range is correct.
An example of the Langley regression is shown in Fig. 2.6. The red curve is the plot of the
natural logarithm of direct irradiance versus airmass for a clear sky day. The blue dotted line
is the linear fit of the data and the magnitude of the slope is the total optical depth for that

day.
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Figure 2.6 The natural logarithm of direct irradiance vs. airmass.

Fig. 2.7 shows the results of a typical Langley regression. It is important to keep in
mind that these regressions are subject to noise, such as cloud contamination, and the fact
that a V, found from one regression may not be the true value of Vo. Therefore we must find
a way to use the results of many Langley regressions to find a robust value of V. We do this
by finding a time series of V, and fitting a smooth curve to these values. This procedure is
illustrated in Fig. 2.7, in which time series of V, are plotted for the 415 through 870 nm
channels of the MFRSR. From this figure, one can see that for a particular wavelength, the
VoS are quite noisy.

A procedure to filter out this noise is described in Koontz et al., 2013. This procedure
follows a three step process: First, a ratio of Vs is taken from 415 nm and 870 nm

wavelength channels. Second, a sliding window is applied for a two month length to the ratio

time series. In this step all ratios in the lower and upper 25% quartiles are removed. This
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helps to remove the outliers. Finally, a Gaussian filter of 30 days width is used to smooth the
time series of Vos. From this process we get the final smoothed V, values, termed Vo, for the

time corresponding to the center of the sliding window.
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Figure 2.7 Time series of the Vys (dots) from the UNR MFRSR for wavelengths 415, 500,
615, 673 and 870 nm. The daily-corrected Vo¢ values are obtained by a smooth curve fit to
these data for each wavelength. These smooth curves are shown by the solid lines.

The total optical depth at each wavelength, at a given time, is obtained by taking the

natural logarithm of Eq. (2.11), which is shown below:

Tt = = In (%) . (2.13)

The total optical depth is comprised of contributions from aerosol, Rayleigh scattering by the
air molecules, light absorption by ozone, and water vapor. Other gases, such as NO, also
absorb but their effect is usually minor in the ultraviolet and visible spectral regions.

Ttot (A) = Taerosot(A) + Tray (1) +70,(A) + T,0(4) . (2.14)
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Subtraction of the Rayleigh scattering by the air molecules, ozone and water vapor

absorption optical depths from total optical depth yields the aerosol optical depth (T4er0s01 )-
Taerosot(A) = Tror(A) — TRay - To, - THzo(/U . (2.15)

The Rayleigh optical depth (which must be subtracted from every channel of the MFRSR

before obtaining the aerosol optical depth) is approximated as (J. E. Hansen and Travis

1974).

Tray(4) = 0.00856947*(1 + 0.0113472 + 0.00013/1-4)% , (2.16)
where P, = 1013.24 is the standard surface pressure at sea level and P is the pressure in
mbar measured at the site of instrument. For the determination of the Rayleigh optical depth
using the above formula, the wavelength is measured in micrometers (um). The ozone
absorption optical depth (z,,) was calculated by multiplying the total column ozone (n) by
the ozone absorption coefficients (a,).

To, =1 ax - (2.17)

The ozone absorption coefficients for different wavelengths are given below:

Wavelength (nm) a, (cm™atm™)
415 0.0003

500 0.032

615 0.1162

673 0.0419

870 0.0013

940 0.0008

Table 2.1 Ozone absorption coefficients for different wavelengths (from Koontz et al. 2013).
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In our analysis, the ozone column burden value is taken to be 300 DU (Dobson unit). Then,
we divide that value by 1000 to get the ozone column in atm-cm units.

The top panel in Fig. 2.8 shows a typical time series of the aerosol optical depth
(AOD) for the different five wavelengths: 415, 500, 615, 673 and 870 nm obtained from
UNR MFRSR for the date April 18, 2013. The AODs for this clear day are quite low; for 500
nm the average AOD is about 0.045. The calculation of the aerosol Angstrém exponent is
done by using the 500 nm and 870 nm wavelength for the MFRSR. The relation of the
Angstrom exponent is:

Taerosot(A) = A%, (2.18)
where A is the prefactor in a two-term fit to the wavelength dependence and «a is known as
the Angstrém exponent. Using this relation for two wavelengths 500 nm and 870 nm, the

Angstrom exponent («) is derived as:

_lo (Taerosol(soo nm))
Taerosol(870 nm)

10g(5375)

The Angstrdm exponent is an indirect calculation of the aerosol size. In general, when the

o= (2.19)

Angstrom exponent is less than 1, coarse mode particles are present. When the Angstrém
exponent is greater than 1, particles are mostly fine mode. Fig. 2.8 (lower panel) shows that
the coarse mode particles contribution is higher during the morning time and fine mode

particles increase in the atmosphere during the evening time.
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Figure 2.8 The top panel shows a time series of the AOD for five wavelengths and the lower
panel displays the Angstrém exponent using 500 nm and 870 nm channels.
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2.2 Cimel Sun Photometer

2.2.1 Instrumentation and Data Collection

The Cimel CE-318 sun photometer of UNR is operated as part of the NASA
AERONET (AErosol RObotic NETwork) network of sun-photometer ground-based aerosol
measurements to, in part, evaluate retrievals of AOD by satellite. The Cimel CE-318
measures atmospheric aerosol columnar properties. This is a multi-channel, automatic sun-
and-sky scanning radiometer that measures the direct solar and sky irradiance at the earth’s
surface. The instrument has a 1.2 degree field of view and two detectors for the measurement
of sun and sky radiances. The detectors of the Cimel are constructed with a quartz window
and enhanced silicon detector for the measurement of radiances between 340 nm and 1020
nm. Eight optical filters produce radiance measurements at 340, 380, 440, 500, 670, 870,
1020 and 1640 nm with band passes (FWHM) of 2 nm for the 340 nm channel, 4 nm for the

380 nm channel, and 10 nm for all visible wavelength channels (Holben et al. 2001).

Sun position is calculated internally based on time, latitude, and longitude. This
information is then used to position the instrument sensor head. It provides the AOD at all
wavelengths, along with the water vapor column content and the estimation of several optical
and microphysical aerosol properties, such as the refractive index, size distribution, single
scattering albedo and asymmetry parameter. The Cimel system is fully automatic and can be
powered using solar panels. The modern digital and microcontroller units of high quality and
robustness can collect data precisely and quickly with the onboard microprocessor (Schmid
et al. 1997; Ehsani, Reagan, and Erxleben 1998; and Forgan 1994). Using direct solar
irradiance, the total optical depth for each wavelength can be derived according to the Beer-

Lambert-Bouguer law.
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V= (%) exp(—1; m) : (2.20)

where V, is the wavelength specific voltage, V,, is the calibration constant for that
wavelength, R is the earth-sun distance in Astronomical Units (AU), at the time of
observation, and m is the relative optical airmass (as in Eq. 2.10). Fig. 2.9 shows that a sun
photometer CE-318 is composed of an optical head, which has two channel systems for near
IR and other wavelength range measurements. The instrument is mounted on an arm robot
sensor pointed at nadir when the data are not taken to prevent contamination of the optical
collimator from suspended particles and rain. The sun collimator is protected by a quartz
window, the photons that pass through this window are sensed either with silicon or a
InGaAS detector with sufficient signal-to-noise for spectral observations between 340 and
1640 nm (Holben et al. 1998). The Cimel sun photometer makes two measurements: The first

is the direct sun irradiance measurement, and second is the sky radiance measurement.

Figure 2.9 The CE 318 automatic sun tracking photometer has been designed and realized to
be a very accurate sun photometer with all the qualities of a field instrument
(http://fsf.nerc.ac.uk/instruments/Cimel.shtml).
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Fig. 2.10a shows the direct sun measurements; they are performed every 15 minutes
at eight spectral bands. Using a combination of special filters it sequentially makes
measurements at selected spectral bands centered at: 340, 380, 440, 500, 675, 870, 1020 and
1640 nm in about ten seconds. A sequence of three such measurements can be made 30
seconds apart, making a triplet observation per wavelength. This observation is used for
recognizing the presence of clouds. The direct sun measurement gives the products AOD,

precipitable water and Angstrom coefficient given in Eq. 2.19.

Figure 2.10 Representations of the (a) Direct, (b) Almucantar and (c) Principal plane
measurements. Almucantar and principal plane are done only at 440, 675, 870 and 1020 nm
channels. Direct measurement is done at all wave lengths: 340, 380, 440, 500, 670, 870, 940,
1020, and 1640 nm (Muguel Bustamante, 2010).

The direct sun measurements are made between airmass of 2 to 7 for both morning
and afternoon and may be used for Langley calibrations. The airmass is calculated by using
the solar zenith angle (Eq. 2.10). The zenith angles between 60° to 80° are important for the
correct determination of the Langley calibration slope. Sky or diffuse measurements are

made about once per hour at selected spectral bands: 440, 675, 870 and 1020 nm. There are

two diffuse sky measurements shown in Fig. 2.10b and Fig. 2.10c.
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The almucantar (Fig. 2.10b) scans the horizontal plane at constant solar zenith angle,
with measurements at specified azimuths relative to the sun counterclockwise through 360°
of azimuth (Muguel Bustamante, 2010). The almucantar measurements are normally made at
an airmass of 2 or more to maintain large scattering angles (Rollin 2000). The direct sun
measurement gives the aerosol optical depth, Angstrém exponent, size distribution, and
phase function.

The principal plane scan of the sky (Fig. 2.10c) is swept in a vertical direction
rotating orthogonal to the azimuth plane spanning to 150°. The idea of the direct sun,
almucantar and principal plane measurements is to obtain the observations from a large range
of scattering angles to retrieve size distribution, phase function and AOD (Holben et al. 1998,
Nakajima et al. 1996, Tanré et al. 1988, and Kaufman 1993). The measured uncertainty in the

retrieved AOD is estimated to be approximately 0.01 - 0.02 (Holben et al. 1998)

2.2.2 Cimel Data Processing and Products

As with the MFRSR measurements, the total optical depth measured with the Cimel
is the sum of the Rayleigh optical depth (from atmospheric gases, e.g. nitrogen, oxygen, and
argon), the ozone optical depth, the mixed gas optical depth (e.g. carbon dioxide, oxides of
nitrogen), the water vapor optical depth and the AOD. The AOD is measured most directly by
sun photometers like the Cimel. The sun photometer measurements are important as
standards for evaluation of satellite derived values of AOD. Data collected from the Cimel,
are processed by NASA AERONET. The level 1.0 raw AOD data are not calibrated and have
no cloud screen; level 1.5 data are cloud screened; and level 2.0 data are cloud screened and

calibrated.
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The aerosol size distribution, refractive index, asymmetry parameter and single
scattering albedo are determined using Cimel sky radiance measurements. The inversion
scheme is used which involves a minimization procedure. The observed values of radiance
and optical depth from Cimel are used for this minimization. The mean square error between
the model and observed values is used for minimization scheme similar to that we use with
the MFRSR, described below. The sky irradiance and optical depth are modeled as a function

of the refractive index, volume size distribution and surface albedo (C. A. Corr, 2008).
av
10,0) = 1 (35 kD, AD) + 81, 0) (2.21)

and

) =1 (d‘f—: M(A)) +A() , 2.22)

where [ is sky irradiance, © is scattering angle, u is complex part of the refractive index, A is
surface albedo, and A denotes the uncertainty attributed to instrument error. Using this
concept, values of aerosol size distributions and complex refractive indices limited by
previous constraints are used to calculate radiance and optical depth. The optimized solution
provides the best fit between measurements and the model. These retrieved aerosol properties
are used to calculate the scattering optical depth (74.,(4)) and total optical depth as well as
phase function (P(©,4)) as a function of size distribution, aerosol optical depth and

scattering cross-section per particle as indicated by the equations (Dubovik and King 2000):

Toea(DP(O, 1) = f:m.ax%('gm X, (Inr) dinr ~ Keoq (0, 4,0, k)%, , (2.23)

and

() = frmaxM X, (Inr) dinr = K.(A4, n, k)x,, , (2.24)

Tmin  gn(r)
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where K,.,(0,1,n,k) and K.(A,n, k) are the kernel functions of the scattering cross-section
and optical depth, and x,, is aerosol size distribution where, n =0, 1, 2, 3 represents the
number, radius, surface area, or volume of the distribution as follows (Dubovik and King
2000):

dR°(r) _ dN

For,n = 0 (number), x,(lnr) =

dinr  dlnr
For,n = 1 (radius), x;(Inr) = d;;g:) = ddl:r = di:r ,
For,n = 2 (area), x,(Inr) = % = 2 % = diir :
For,n = 1 (volume), x3(lnr) = d;;g:) = % 3 % = dder )

The dependence of K, and K., on scattering angle (©), wavelength (1), complex refractive
index (u), and particle radius (r) are approximated by matrices and look-up tables to improve
inversion efficiency (Dubovik and King 2000). The total single scattering albedo (SSA) is
given by (C. A. Corr, 2008):

A O)
Ttotal( l)

SSAtotal (A) —

(2.25)

The final inversion products from the retrieval are aerosol volume size distributions
(0.05 < r < 15 um), effective radius, complex refractive index, asymmetry parameter,
single scattering albedo and top of the atmosphere radiative forcing at different wavelengths.
There are two versions of the AERONET inversion scheme: Version 1 and Version 2. These
two versions employ the (Dubovik and King 2000) inversion; however, the inversion method
has been improved to include additional aerosol microphysical properties (i.e., percentages of
spherical and spheroidal particles; fine and coarse mode distinction) retrievals in version 2

(Dubovik et al. 2006).
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Examples of the data output from AERONET for aerosol properties are given below
in Fig. 2.11 and Fig. 2.12. The top panel of the Fig. 2.11 shows the variation of the AOD for
all wavelengths during the day of the August 3, 2013. The lower panel of the Fig. 2.11 is the
size distribution curve which indicates that the fine and coarse mode aerosol contribution are
equal for that day. Fig. 2.12 shows the wavelength dependence of the single scattering albedo
(top panel) and asymmetry parameter (lower panel). Both plots indicate that the single

scattering albedo and asymmetry parameter decrease as wavelength increases.
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Figure 2.11 The variation of the AOD (top panel); and size (volume) distribution (lower
panel) from UNR Cimel for August 3, 2013.
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Figure 2.12 The spectral variation of the single scattering albedo (top panel); and asymmetry
parameter (lower panel) from UNR Cimel for August 3, 2013.
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2.3 Photoacoustic Instruments and Operation

A photoacoustic instrument has been developed to measure in situ light absorption by
suspended atmospheric particles. The measured quantity is the sound pressure produced in an
acoustic resonator caused by light absorption (Patrick Arnott et al. 1999). Fig. 2.13 shows the

schematic of the single wavelength (532 nm) photoacoustic instrument.

: Piezoelectric
Microphone Scattering

detector

Transducer

and surrounds

RESONATOR
SECTION Photodetector

Sample Outlet Sample Inlet

LASER

Figure 2.13 Schematic of 532 nm wavelength photoacoustic instrument (K. A. Lewis 2007).

An air sample is continuously introduced into the acoustic resonator during the
photoacoustic operation. The sample air is illuminated by the laser radiation and then it is
power modulated at the resonance frequency of the cavity. The radiation of the laser beam is
absorbed by particles within the air sample inside the resonator, and then it is immediately
transferred to the surrounding air as heat. A change in pressure is made by the heated air
inside the resonator. The varying pressure disturbance caused by particle heat transfer is
amplified by constructive interference. This is accomplishment by modulating the laser

intensity to match the standing wave frequency of the resonator (K. A. Lewis 2007). The
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pressure fluctuations are measured by using the microphone in the resonator. The light
absorbing components like gas or aerosol convert laser power to an acoustic pressure that are
detected by the microphone positioned at a pressure anti-node (Patrick Arnott et al. 1999).
The piezoelectric disk is used to determine the acoustic resonance frequency and quality
factor of the resonator. The range of the microphone covers at least 6 orders of magnitude,
resulting in a very large dynamic range for light absorption measurements (W. P. Arnott et al.
2005).

The resonance cavity is U-shaped. The length of the horizontal section is one half of
acoustic wavelength and the lengths of the two vertical sections are one fourth of the acoustic
wavelength. At the 90° corners of the resonator, low pressure nodes of the standing wave
exist but high pressure antinodes exist at both ends of the vertical sections and at the center
of the horizontal section. The center of the cavity and two ends have high pressure points of

the acoustic standing wave that are 180° out of phase in the cycle is shown in Fig. 2.14.

Acoustic Standing Wave in Resonator

microphone piezoelectric transducer

resonator cavity
center

Pressure nodes: laser and sample entrance/exit points

Figure 2.14 Schematic of the standing wave with high-pressure antinodes exist at
microphone, piezoelectric transducer and central cavity locations (K. A. Lewis 2007).
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The schematic of the dual wavelength photoacoustic instrument is shown in Fig. 2.15.
The light scattering measurement is carried out with a cosine-weighted sensor located at the
center of the cavity. The sensor is fiber coupled to a photomultiplier tube (PMT) for light

scattering measurement.
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Figure 2.15 Schematic of duel-wavelength photoacoustic instrument (K. A. Lewis 2007).

The light absorption and scattering measurements were completed simultaneously
with a dual-wavelength photoacoustic instrument operating at 405 and 870 nm (K. A. Lewis
2007), and two single-wavelength photoacoustic instruments operating at 532 and 1047 nm
(W P Arnott et al. 2005b). The light absorption coefficient is given by the photoacoustic

equation:

2
_ PmAres™ o cos(@m-0y)
Bavs =% 57— ¢ (2.26)

where y is the ratio of isobaric and isochoric specific heats of air and its value for dry air is
1.4 but in general depends upon relative humidity, B,, and P, are the measured microphone

pressure and laser power at the resonance frequency f,, @,, and @, are the electric phases of
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the microphone pressure and laser power measurements, respectively. A,..¢ is the resonator
cross-sectional area, and Q is the quality factor (Lewis et al., 2008).
The scattering coefficient is calculated by using the magnitude of the Fourier

transformed function of PMT signal and power at resonance frequency:

ﬁsca = aM ) (2.27)

|PLl
where a is calibration factor determined during the instrument calibration, Ppyr and P, are
the photomultiplier tube signal and measured laser power (Lewis et al., 2008). The single
scattering albedo (SSA) is defined as the ratio of scattering coefficient to extinction
coefficient. The scattering and absorption coefficients from equations 2.26 and 2.27 are used

to calculate the SSA. The relation of the SSA is given below:

SSA = —PBsea (2.28)

Bscat Babs

An example of the data output from photoacoustic instrument for absorption
coefficient, scattering coefficient and SSA are given in Figures 2.16, 2.17 and 2.18,

respectively, for August 23, 2013.
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Figure 2.16 Time series of the absorption coefficient during the Rim Fire on August 23,
2013 using the photoacoustic instrument.

700

600 —

500

400 —

300

200

Scattering Coefficient (1/Mn)

100 —

—e&— Scattering Coefficient (405 nm) | -

Figure 2.17 The scattering coefficient for the same day at in
using photoacoustic instrument.

1 e 1 v 1 L 1 ¥ 1
8 10 12 14 16
Time (hours, LST)

37

T
18

20 22 24

Fig. 2.16. August 23, 2013



0.97 — T T T T T T T T T T T
0.96 - | SSA (405 nm) |
0.95 - ]
0.94 N
0.93 - o
0.92 |
0.91 "
0.90 -
0.89
0.88 -
0.87 i et
0.86 o N
0.85 - N
0.84 - J
0.83 — T T T T T T T T T T T

O 2 4 6 8 10 12 14 16 18 20 22 24

Time (hours, LST)

Single Scattering Albedo (SSA)

Figure 2.18 Time series of the SSA for August 23, 2013 using photoacoustic instrument.

38



2.4 MODIS Satellite Measurement

The Moderate Resolution Imaging Spectroradiometer (MODIS) is an instrument
launched by NASA in 1999 on Terra and in 2002 on Aqua satellites. The Terra satellites
orbits around the earth in the morning (about 10:30 AM) from north to south across the
equator, while Aqua passes south to north over the equator in the afternoon (around 1:30
PM). The Terra and Aqua MODIS view the entire earth's surface every day, acquiring data in
36 spectral bands between 415 and 14235 nm. The MODIS aerosol products provide aerosol
properties over both land (Y. J. Kaufman et al. 1997) and ocean (Tanré et al. 1997) as
explained below.

The NASA Goddard Earth Sciences Distributed Active Archive Center (DES DAAC)
is responsible for the distribution of the level 1 radiance data, and the higher levels of all
ocean and atmosphere products (Savtchenko et al. 2004). The MODIS atmosphere products
are grouped into the following data types: aerosol properties, atmospheric water vapor, cloud
properties, atmospheric profiles and cloud mask (King et al. 2003). There are 5 separate data
types for Terra and Aqua at level 2, and each data type is distributed as separate HDF files.
We are interested in these atmospheric products. The description of the MODIS atmosphere
data types that appear at level 2 are given as follows (Savtchenko et al. 2004):

e Aerosol properties (MODO04_L2 for Terra, MYDO04_L2 for Aqua) data contains aerosol
type, optical thickness, mass concentration, particle size distribution, cloud condensation
nuclei (CCN), asymmetry factor, backscattering, and Angstrém exponents.

e Atmospheric water vapor (MODO05 L2, MYDO05 L2) data contains near-infrared
estimates of total atmospheric column water vapor over clear land areas of the earth, over

extended clear oceanic areas, and above clouds over both the land and ocean.
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e Cloud optical and physical properties (MODO06_L2, MYDO06_L2) data contains cloud
temperature, cloud height, cloud pressure, cloud phase, cloud brightness temperature,
cloud forcing, and surface temperature. The data also contains cloud reflectance, cloud
water path, cloud optical thickness, and effective radius.

e Atmospheric profiles and stability indices (MODO07_L2, MYDO07_L2) data contains
temperature, moisture, total ozone, and stability indices. The total ozone burden is an
estimate of the total tropospheric and stratospheric ozone column.

e Cloud mask (MOD35 L2, MYD35 L2) data contains global cloud mask, clear sky
confidence level (high confident clear, probably clear, undecided, cloudy), and
identifications of cirrus cloud.

For satellite measurements, the retrieval of the aerosol optical thickness over land is
difficult because of the complexity of the earth land surface. The surface reflectance of land
surface is variable with respect to different places and also changes with wavelength. There
are many algorithms that have been applied to satellite datasets to solve the problem of
separating the surface and atmospheric scattering contributions. For instance, MODIS
retrievals of aerosol over land (Y.J. Kaufman et al. 1997) are based on the correlation of
reflectance in the visible wavelengths of light. Dark surfaces have very low reflectance in the
visible wavelength range (J. Hansen et al. 1992) and therefore provide good contrast for
observing aerosol. The MODIS aerosol retrievals are performed using two separate
algorithms, one for aerosols over land and the other for retrievals over ocean (Remer et al.
2002).

The Deep Blue algorithm was developed specially for aerosol retrievals over the

bright surface such as deserts and urban areas. The algorithm was designed to tackle the

40



problem of retrieving aerosol properties by making use of the fact that desert surfaces are
much darker in the blue channels (412 and 470 nm) than they are in the red (660 nm)
channel. The Deep Blue algorithm uses radiances measured from each channel and uses a
radiative transfer model to calculate the intensity at top of the atmosphere for a given surface
albedo. The surface reflectance for the 412, 470 and 660 nm channels are determined from a
database based upon its geolocation (Hsu et al. 2004).

The cloud screening procedure is used to prevent retrievals with cloud-contaminated
pixels. Additionally, the Deep Blue aerosol index (DAI) is used to distinguish thick dust
layers from cloud, which is a similar measure to the Total Ozone Mapping Spectrometer
(TOMS) aerosol index (Hsu et al. 2004). A Maximum Likelihood Estimation (MLE) is used
to find the best match of modeled radiance as a function of AOD and single-scattering albedo
for the given measured radiance. The assumptions are made on the dominant aerosol model
used for the retrieval based on the geographical location and time of the year.

The Deep Blue algorithm produces outputs at the spatial resolution of the data from
the satellite (250 meter resolution). The MODIS channels 8 (412 nm), 10 (470 nm), and 13
(660 nm) provide Deep Blue retrievals with higher resolution than the normal MODIS
aerosol retrieval with the additional benefit of working over bright surfaces. The Deep Blue
algorithm can be applied over bright surfaces such as arid, semiarid, urban, and desert
surfaces.

Maps of Terra MODIS, Aqua MODIS and Deep Blue derived aerosol optical
thickness at 550 nm of the Reno area on August 23, 2013 as presented in Figs. 2.19, 2.20 and

2.21. These plots indicate the high AOD in Reno during the Rim fire.
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Figure 2.19 Terra MODIS derived aerosol optical thickness at 550 nm of the Reno land on
August 23, 2013 near 10:30 am local time.

MTYDCO8_[03.951 Ae=rcsol (Oz%iﬁalzgfgljh at S50 nm [unitless]
49

1 = . o R T

a.8
48r

a.74
45H
42H a.ER
ZarM

.42
ZEBM
=3M a.28
S0

a1

1a0W 1280 1Z3W 120W 1177 108N 102

Figure 2.20 Aqua MODIS derived aerosol optical thickness at 550 nm of the Reno land on
August 23, 2013 near 1:30 pm local time.
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Figure 2.21 Deep Blue AOD at 550 nm of the Reno land on August 23, 2013 near 1:30 pm
local time.
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Chapter 3 Aerosol Optical and Physical Properties Retrieval and
Radiative forcing

3.1 Introduction (Aerosol Size Distributions, Single Scattering Albedo and
Asymmetry Parameter)

The radiative impact of aerosols depends on aerosol concentration in the atmosphere,
their size, morphology and chemical composition (Pandithurai et al. 2008). The most
significant sources of fine aerosol particulates come from motor vehicle emissions and smoke
from wildfire and the sources of coarse aerosol particulates come from wind-blown dust and
sea salt. The fine mode aerosols have particle diameter less than 1 um whereas the coarse
mode aerosols have particle diameter greater than 1 um.

One of the most important properties of aerosol with respect to the direct forcing is
the ratio of scattering and total extinction coefficients which is known as the single scattering
albedo (w);

w =B , (3.1)

Oext

where o, IS scattering coefficient, and total extinction coefficient (o,,;) is sum of aerosol
absorption and scattering coefficients (.t = Gaps + Osca)-

The aerosol asymmetry parameter (g) is defined as the cosine-weighted average of
the phase function, where the phase function is the probability of radiation being scattered in
a given direction. Assuming azimuthal asymmetry, the scattering angle extended from -n

to m then the asymmetry parameter is given as:
g = % f_nn cos8 P(0) sinf do : (3.2)

where 8 is the scattering angle and P(8) is the scattering phase function. The phase function

is the angular distribution function of light intensity scattered by a particle at a given
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wavelength. The values for g range from —1 to 1, with a value of —1 indicating incident
radiation is back scattered and a value of 1 indicating complete forward scattering (C. A. Corr
et al. 2009). There are several methods for the determination of aerosol properties in the
visible spectral range using direct sun and sky radiances by using Cimel, MFRSR and other
radiometers. For example, as explained by Dubovik et al. (2002) the retrieval of aerosol
optical depth and aerosol properties may be done using inversion techniques applied to
observations of optical depth and angular distribution of sky radiances at visible and near-
infrared wavelengths measured by the Cimel instrument described in Chapter 2. The method
employed in this work for retrieval of aerosol optical properties at UV, visible, and near IR
wavelengths uses MFRSR measurements of direct and diffuse irradiances and a retrieval
model proposed by (Kassianov et al. 2005, Kassianov et al. 2007).

The volume size distribution, single scattering albedo and asymmetry parameter are
retrieved from solar direct and diffuse irradiances measured with the MFRSR. The bimodal
aerosol volume distribution concept is used. The bimodal concept states that the atmospheric
aerosol mass is distributed in two size ranges: fine and coarse modes. Each aerosol mode has
a characteristic size distribution, chemical composition and optical properties. In bimodal
lognormal size distribution retrieval algorithm, it is assumed that the aerosols are composed
of spherical and homogeneous particles. The scattering is simulated by using Mie theory, and
multiple scattering effects are also taken into account (Pandithurai et al. 2008). For the
bimodal retrievals, six additional items of information are needed: the aerosol concentration,
effective radius, and effective variance for both coarse mode and fine mode components,

assuming lognormal distribution for both fine and coarse modes.
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3.2 MFRSR size distribution retrieval

The bimodal lognormal distribution is the most appropriate model for aerosol
column-averaged size distribution representing both fine and coarse mode aerosol (Kassianov

et al. 2007, Dubovik et al. 2002);

av(r) _  Cy —(lnr—lan)z) Ce —(Inr—inR;)?
dnr — Vamo, exp( 207 1 o exP( 202 ) ’ (33)

where dV (r)/din(r) is the volume distribution, r is the particle radius, C is particle volume
concentration, R is the volume median radius, 2 is the variance and the subscripts f and c
stand for fine and coarse modes, respectively (Kassianov et al. 2007). The value of ¢ is taken
to be 0.42 for the fine mode and 0.61 for the coarse mode (Dubovik et al. 2002). Then we
have four unknown parameters (Cr, C., Rs, R.) in the volume size distribution Eg. 3.3 so at
least 4 independent measurements are needed to retrieve these parameters. The total volume

of aerosol particles per unit area of the atmosphere (V) is then given as:

oo [ dV
Vr=J; (ﬁ) dinr = C; +C. . (3.4)

The two unknown parameters (Cy, C.) are determined by using the size distribution retrieval

procedure discussed below.
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Figure 3.1 Aerosol distributions over the height of the atmosphere.
We consider the aerosol particles are distributed in the atmosphere over height z from
the ground surface (Fig. 3.1). Then the AOD in terms of the aerosol number distribution

given as:

T, = f::o f;:on(r, z) K, 2(r,my) dz dr, (3.5)
where n(r,z) is the aerosol number concentration distribution function over the height z,
K, »(r,my) is extinction cross-section and m; = (m, , +im, ,) is complex refractive
index. For our optical depth calculation, we set the real part of refractive index 1.5 and the
imaginary part of refractive index 0.007 for each wavelength (E. I. Kassianov et al. 2007).
The particle number distribution path in whole atmosphere is defined as:

n(r) = f;:on(r,z)dz . (3.6)
Then, we can relate the aerosol optical depth with particle number distribution path and
extinction cross-section (using Eg. 3.5 and Eq. 3.6) given as:

T, = fooon(r) Kope 2(rmy) dr . (3.7)
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We assume that all aerosol particles are assumed spherical. The volume size distribution

dV (r)/dIn(r) and particle number size distribution path n(r) are related as:

o dV(r) _ (™4 3
/5 — —dinr = Jy S nrd n(r)dr (3.8)
which gives;
_ 3 1 .adv(n)
n(r) = am r* din(r) ! 3.9
Then the AOD in term of the volume size distribution is given as:
=02t g rm) dr (3.10)

0 47w r*din(r)
The limit of the integration changes according to the size of the aerosol particle. For the
measurement of AOD, we use the particle size range from (7y,;, = 0.02 um) t0 (ex =

10 um). The AOD with volume size distribution Eq. 3.3 becomes:

3Cr —(lnr—lan)2
del 7 4 r*2mo ex ( 20% )+
T)Tlno et — J‘rm.ax f s ) Kext )\(r,m;\) dr. (311)
min Cc (—(lnr—lch) ) ’
4r*\2mo, ex 202
The four unknowns (Cr, C., Rf, R;) can be estimated by using the observed MFRSR aerosol
optical depth 79?s¢™¢? at five wavelengths (415, 500, 615, 673, 870 nm) and an error
minimization scheme. The values of these parameters that produce a minimum of the mean

square error of optical depth over the five wavelengths are considered the best estimate of

their values (Kassianov et al. 2007). The root-mean square error is given below:

2
error = % Soq(Trodet — gpbserved)” (3.12)
From the mean square minimization, the unknown values (Cy, C, Ry, R.) are found

which are used in Eq. 3.3 to determine the aerosol size distribution. A conceptual example of
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the typical volume size distribution of aerosol in an urban environment is given below (Fig.

3.2). This plot shows that the fine and coarse modes of the aerosol volume size distribution.

L Fine Mode 2
Y Coarse Mode
r'y .

f
/
f
f

b

Volume

0.01 0.10 1.00 10.00
Diameter, um

Figure 3.2 illustration of volume distributions for a typical urban model aerosol (Seinfeld and
Pandis 1998).
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3.3 MFRSR Single Scattering Albedo (SSA) and Asymmetry Parameter (g)

retrieval

For the single scattering albedo and the asymmetry parameter, we assume that the
aerosol particles are homogeneous spheres. The basic notion used in the retrieval is that the
diffuse radiation amount is especially sensitive to these parameters. The wavelength
dependent single scattering albedo (w;) and asymmetry parameter (g,) are written as follows
(Ge et al. 2010).

[Imax g2 o (my,r/2) n(r) dr

— Tmin
“r T [; % wr2 Qe(mr/2) n(r) dr ’ (3.13)

[e% nr2g(r) Qs(mar/a) n(r) dr

— i
Ia = T T o/ n (3.14)

where r is the aerosol particle radius, Q;(m;,r/A) and Q.(m,, r/A) are scattering efficiency
and extinction efficiency respectively. Both efficiencies are function of the imaginary part of
refractive index (m;,). The columnar aerosol particle number size distribution path n(r) can

be determined by using Eq. 3.3 and Eq. 3.9, which is given below:

—(Inr— 2 (I 2
n(r) = 3Cr exp( (inr—inRy) )+ 3C, exp( (inr lanC) ) . (3.15)

4mr*\2moy 207 4 tr4\2ma; 202
We can determine the number size distribution n(r) by using values of (Cf, C., Ry,
R.) and assumed values for (of, o.) from size distribution retrieval explained in Section 3.2.
Then we can calculate single scattering albedo (w;) and asymmetry parameter (g;)
simultaneously from Mie theory if the imaginary part of the refractive index (m;) is known.
We used the diffuse — to — direct ratio (DDR) at five wavelength 415, 500, 515, 673 and 870
nm (Kassianov et al. 2007) to estimate the imaginary part of the refractive index (m;). We

begin by assuming the value of m;,, which is now only unknown parameter in Egs. 3.13 and
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3.14, from which we can calculate single scattering albedo and asymmetry parameter
simultaneously. Then we use these aerosol properties (w,, g, T,) at five wavelengths (415,
500, 615, 673 and 870 nm) and a two-stream radiation transfer model explained below in
section 3.4 to obtain a model value of the DDR. We iterate the value of m; for each
wavelength until the difference between the model DDR values form retrieval and observed
DDR values from MFRSR are less than 5% for each wavelength. The schematic for the
determination of single scattering albedo and asymmetry parameter using the best fit of
modeled DDR to measured DDR is given below Fig. 3.3. For modeled DDR, we use the two

stream radiation transfer model.

Size . .
Distribution Mie Code 554 and g pairs
2-5tream

Model

Calculate relative DDR for each AOD, Total optical
error between 55‘:1 and g depth of the entire
modeled and pairs atmosphere
measured DDR

Best-fit
554 and g

Find minimum
error below 5%

Figure 3.3 Schematics for the estimation of the single scattering albedo and asymmetry
parameter (modified from Chelsea A. Corr and Science 2008).
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3.4 Two Stream Radiative Transfer Model

The two stream model is an approximation of the radiative transfer equation in which
radiation is propagating in only two directions, up and down. The studies of two stream
radiative transfer have centered on the atmospheric problems such as the effects on planetary
albedos of haze and clouds (Sagan and Pollack 1967, Lyzenga 1973), transfer of solar
irradiance through cirrus cloud layers (Liou 1973), transfer of solar irradiance through
vertically inhomogeneous turbid atmospheres (Shettle and Weinman 1970, Liou, 2002) and
climatic effects of aerosols (Rasool and Schneider 1971). In our research, we are focused on
the transfer of the solar irradiance through the inhomogeneous atmosphere. The radiative
transfer equation in terms of Legendre polynomials (Liou, 2002) assuming azimuthal

symmetry can be written as:

dl i
l’llM= T, 1) — Zzwl Py (u;) 2 a]Pl(:uj

j——Tl
N
w -T
= > (~D'aPi () i) Foe oo (3.16)
=0
where w; = Zl—+f P(cos®) P,(cos®) dcos® , (3.17)
i= —n,n, w is the single scattering albedo, 7 is total optical depth, P, is Legendre

polynomials, F; is the incident solar irradiance on the top of atmosphere, P(cos®) is phase
function , @ is the scattering angle, and p;(—n, n) is the direction cosine of radiation streams.

In a two stream model, we take only two streams (i.e. j = —1and j=1)and N = 1.
The other values areu; =1/v/3 , a; =1landa_, = 1. Denote 1" =I(7,u;)and I' =
I(t,—u,) as the up and downwelling irradiance and rearrange the above equation. Then Eq.

3.16 splits into two equations (Liou, 2002):
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)
m=1"—w@-bI' —wbl' =5~ e /u (3.18)
and
{
me=1'—w@-bI - wbl'—5*e o, (3.19)
where
S*T=22(143guopy) | (3.20)
=2 =21 P(cos®) cos® dcos® 321
g =5 =3J_, P(cos®) cos® dcos® (3.21)
_ 1 - ]
b= ng = %f_lP(cosG)) % dcos® (3.22)

Here the parameters b and (1 — b) can be taken as the integrated fractions of energy
backscattered and forward scattered, respectively. Thus, the multiple scattering contributions
in the context of the two stream approximation are represented by the upward and downward
irradiances (Liou, 2002).

Eqg. 3.18 and Eq. 3.19 are the first order inhomogeneous differential equations for the
upward and downward irradiances. The solutions of these equations are determined by
considering P =1"+1' and Q = I" — I' . After adding and subtracting these two equations,

we find two equations, which are given as below (Liou, 2002):

g = (1= wg)Q—(S" =5 e o (3.23)
and
mE=A—-wP—(S"+SH)e o (3.24)

These two equations are first order differential equations. To find the solutions of these

equations, at first, we fist differentiate these two equations with respect to z.
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dzp d sT-st) _t
oz = (1- wg)d—g + (u—o) e” /mo (3.25)
and
d? dp ST+st)y _t
‘uld_‘rg = (1 - a))a + % e /llo . (326)

Then, using the Eq. 3.23 and Eqg. 3.24 in Eq. 3.25 and Eq. 3.26, respectively, we find that

PP+ Xye o (3.27)
and
2273 —k2Q + Xye Two (3.28)

where the eigenvalue k2 and parameters X; and X, are given below

kZ — (1_60)(;_(4’9) 1 (329)
M1
S~ +sH(1-wg) , (§7=S1)
X, = ! + , (3.30)
1253 HoM1
- ¢y -+
X2 _ $™-S"H(1-w) + (§7+ST) (331)

H% HoM1

The second order differential Egs. 3.27 and 3.28 can be solved by adding the
homogeneous solution and particular solution. After analysis, the solution of above equations
produce upward and downward intensities of radiation (Liou, 2002).

'=Kvel"+Hue ¥ +ee Tmo | (3.32)

P=Kuek"+Hve * +ye Tno (3.33)

In these equation unknowns v, u, k, € and y are defined as:

p =LY =29 (3.34)
2 2
2 (1-w) 2 (1-w)(1-wg)
Thee 0 KT (3.35)
— B y=h (3.36)

2 2
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__ Xiud __ Xaud
© (-ugk?)’ F=tms (3:37)

The values of the unknown coefficients K and H are determined by using boundary
conditions at top and bottom of the atmospheric layer. We assume no diffuse components at
the top and bottom of the atmosphere. We then have the constants K and H as given below:

K = —(ev e "1/Ho—y y e~kT1)
- (UZ ek’fl _uZe—le) !

(3.38)

and

H _ (Eue_Tl/#O_yvekrl)
- (v2 ekT1—y2e—kr1)

(3.39)

The upward diffuse irradiance and downward diffuse irradiance are evaluated by using two
relations F;l-ff(r) = 2mu, 1" and Féiff(r) = 2mu,I*. Using Eq. 3.32 and Eq. 3.33, the total
upward diffuse irradiance and total downward diffuse irradiance are given by
Flier(@ = 2mpuy (K ve*  + Hue * + ee™ /i) (3.40)
and
Foirf(@) =2mp(Kue™ + Hve ™  +y e~ /i) . (3.41)
Direct solar irradiance (also referred to as direct normal irradiance) is a measure of
the rate of solar energy arriving at the earth's surface from the sun's direct beam, on a plane

perpendicular to the beam. The normal component of direct solar irradiance is given by
(Joseph, Wiscombe, and Weinman 1976).

Firect(¥) = Fo e™/Ho . (3.42)
The total (global) irradiance is the sum of downward diffuse irradiance and downward direct

normal irradiance, i.e.

Ftlotal(T) = Féiff (r) + Féirect (™) . (3.43)
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The diffuse to direct ratio (DDR) is a powerful tool as an indicator of atmospheric
conditions and can provide information of aerosol properties (Krotkov 2005). The diffuse to
direct solar irradiance ratios are used for retrieving aerosol SSA and g under a variety of
atmospheric conditions (Petters 2003). To estimate model values of DDR, we use diffuse
downward irradiance and diffuse direct normal irradiance.

Fdllff (T)
F;irect(r)

DDR(7) = (3.44)

The diffuse downward irradiance (Féiff) and diffuse direct normal irradiance (Fy;,...) are

taken from Egs. 3.41 and 3.42 given above.

3.5 Direct Aerosol Radiative Forcing

The radiative forcing concept was introduced to account for changes in the solar
radiation fluxes due to changes in the atmospheric constituents. The aerosol radiation forcing
at any level in the atmosphere is defined as the difference in the net solar flux (down minus
up) with and without aerosol, keeping all other parameters constant. In the present case the
direct aerosol radiation forcing (DARF) has been estimated in terms of Wm™2 at the surface
and top of the atmosphere. The difference of the two therefore gives the DARF in the whole
atmosphere. The globally averaged top of atmosphere DARF was calculated by using the

expression (Charlson et al. 1992) as below:

AF = =272 (1= N)(1 - @)% (2 B Tsca) (3.45)
where, S is solar constant, T is transmittance of the atmosphere above the aerosol layer, N is
fraction of sky covered by clouds, a is surface albedo, g is fraction of radiation scattered by

aerosol, and .., is the scattering optical depth. The surface albedo is the ratio of reflected

radiation from the surface to the radiation incident upon the surface. Its value varies from
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zero to one. The optical properties in Eqg. 3.45 are at a wavelength of 550 nm. The above
expression gives the radiative forcing due to the change of reflectance of the earth aerosol
system. It is modified to more general form valid also for absorbing aerosol (Chylek and
Wong 1995),

AF = =2T2 (1= N)[(1 — @)? (2 Toca) =4 ATaps] (3.46)
where 7., is absorption optical depth. Since, total optical depth () = 7435 + Tscq, then the
single scattering albedo in term of optical depths is given by w = t4.,/7, and, the scattering

and absorption optical depths are 74, = wt and t4,s = (1 — w). Also, the fraction of
radiation scattered by aerosol is f = (1;—‘9). using Tgeq, Taps @aNd B in above expression for
direct radiative forcing becomes:
AF=-2T2(1-N)71[1-a)?A-gQu—-4a(l-w)] . (3.47)
The parameters required for DARF estimations are the total optical depth (z), single
scattering albedo (w), asymmetry parameter (g), surface albedo (a), and other constants (S,
T and N). For optical depth we use the MFRSR aerosol optical depth measurements, and for

the single scattering albedo and asymmetry parameter, we use the values from the DDR

retrievals.
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Chapter 4 Aerosol Optical Depth (AOD), Angstréom Exponent
(AE) and Volume Size Distribution Case Studies

4.1 Introduction

Aerosol Optical Depth (AOD) is the measure of aerosols (e.g. smoke particles, desert
dust, sea salt, urban haze) distributed within a column of air as measured at the Earth's
surface to the top of the atmosphere. Total atmospheric optical depth consists of scattering
and absorption by gases, aerosol, and clouds (Seinfeld and Pandis 1998).

Aerosol measurements are carried out worldwide in order to reduce the uncertainties
in the impact of aerosols on climate (Smithson 2002). Different types of measurements
(ground based, satellite, or aircraft) are accomplished to study aerosol optical properties. The
AERONET (Aerosol Robotic Network) project started in 1990s aiming to monitor the
aerosol properties using a Cimel sun photometer. Another instrument, the Multi-filter
Rotating Shadow-band Radiometer (MFRSR), provides routine measurements of the aerosol
optical depth at six wavelengths (415, 500, 615, 673, 870 and 940 nm).

The Angstrdm exponent (AE) given in Eq. 2.18 of Chapter 2 expresses the spectral
dependence of aerosol optical thickness (t) with the wavelength of incident light (A). The AE
helps to characterize the particle size and type in the atmosphere (Angstrém 1929). It is an
indirect calculation of the aerosol size. In general, when the AE is less than 1, coarse mode
particles dominate, and when the AE is greater than 1, fine mode particles are abundant in the
atmosphere (Queface et al. 2003). The main sources of fine mode particles are incomplete
combustion of wood, coal, gasoline and other fuels. The sources of coarse mode particles are
sea salt, dust, soil and biological particles, suspended in atmosphere. To estimate the fine and

coarse mode contributions during smoky, dusty and clear sky days, we use the volume size
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distribution retrieval explained in chapter 3 and AODs derived from MFRSR retrieval

explained in chapter 2 at different five wavelengths (415, 500, 615,673 and 870 nm).

4.2 California Rim Fire on August - September, 2013
The Rim fire that started on August 17, 2013 was the third largest wildfire in

California's history. The fire burned 257,314 acres (1,041.31 km?), and was the biggest
wildfire on record in the Sierra Nevada Mountains. The fire was caused by a hunter's illegal
fire that went out of control and was named for its proximity to the Rim of world vista point

in the Stanislaus National Forest (http://en.wikipedia.org/wiki/Rim Fire#cite note-10). The

red line of Fig. 4.1 indicates the perimeter affected by the Rim fire on September 1, 2013.
The pink line was the perimeter two days earlier. The western boundary of Yosemite
National Park is shown in green line.
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Figure 4.1 Map of the Rim fire: where the red line was the perimeter at 8 p.m., September 1,
2013. (http://wildfiretoday.com/2013/08/21/california-rim-fire-west-of-yosemite-np/).
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During the Rim fire, the fire went racing through forests on the western boundary of
Yosemite National Park, causing serious air-quality issues around the Lake Tahoe basin,
Washoe County, Reno, and Carson City. The NASA satellite photograph given below in Fig.
4.2 shows a huge smoke plume spreading northeast from the Rim fire. For the study of
smoke effect on air quality in Reno during Rim fire, we used the MFRSR, the Cimel sun
photometer and photoacoustic instruments, located on the roof of the physics building at the

University of Nevada Reno (39.5272° N, 119.8219° W).
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Figure 4.2 NASA satellite image of the smoke from the Rim fire, spreading over Lake
Tahoe, Reno, and beyond (http://aarondames.squarespace.com/nature/?currentPage=2).
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4.2.1 Aerosol Optical Depth (AOD) and Angstrém Exponent (AE)

We compare our retrieved AOD values from the MFRSR with those from the Cimel
processed by the AERONET algorithm at 415, 500, 615, 673, and 870 nm wavelengths. The
AOD measurements suggested that the Rim fire affected the aerosol concentrations in Reno
during the fire. Fig. 4.3 and Fig. 4.4 indicate that the time series plots of aerosol optical depth
on 23 August and 27 August respectively. On August 23, the maximum AOD was 3.26 at
10:15 AM for the 415 nm channel. The values of AE during the Rim fire from MFRSR
(500/870 nm) and Cimel (440/870 nm) were larger than 2 with uncertainty error +0.09 (Fig.
4.5), because of the presence of fine smoke aerosol particles during the fire in August 23,
2013.

The AOD at 500 nm and AE on August 27 exhibit rapid variability, increasing from
0.81 to 5.13 and from 0.7 to 2.3 respectively. These higher values of AE are due to the smoke
plume in the atmosphere. It shows that the strongest intensity of the smoke plume was
observed on August 27. The AOD and AE showed temporal variability all day due to the
inhomogeneity of the smoke plume. The AOD was especially high after the midday, between
12:45 PM and 5:00 PM, remaining larger than 1. In addition, the presence of the smoke
plume induced an extremely large AOD maximum of 5.13, which was reached at 2:10 PM
local time. During the same period, the AE remained 2.3, indicating the presence of a
significant amount of fine particles. These AOD values are about a factor of 100 higher than

would be observed on a relatively clean day.
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Figure 4.3 Time series comparison of MFRSR and Cimel aerosol optical depth for August
23,2013 at UNR
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Figure 4.4 Time series of MFRSR aerosol optical depth for August 27, 2013 at UNR.
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Figure 4.5 Comparison of MFRSR and Cimel Angstrém Exponent On August 23, 2013.

For comparison with satellite, we chose the Cimel and MFRSR AOD values at 673
nm instead of other wavelengths because we have the AOD at a wavelength of 660 nm from
satellite observations (Table 4.1 and Table 4.2). The 673 nm channel is nearly common for
both ground and satellite observations. The Cimel and MFRSR AOD differences range
between 0.002 and 0.02, which is within the limit of the calibration accuracy (Holben et al.
1998, Alexandrov et al. 2008).

Satellite observations are an effective way to provide a global coverage of AOD.
However, satellite aerosol retrievals are complicated by the fact that the upward radiance
received by the satellite is composed of light reflected by the surface and atmospheric
constituents (Ge et al. 2010). The accurate determination of AOD requires separation of

radiation reflected by the surface from the total scattered radiation. This procedure is very
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inaccurate over land because land surface reflectances are often large and vary with location
and time (Ge et al. 2010). In this work, we compared the ground based MFRSR and Cimel
AOD values with satellite based MODIS Terra and Aqua measurements used to retrieve AOD
using the Dark Target and Deep Blue-Aqua AOD retrieval algorithms. The MODIS satellite
instruments retrieve AOD values from 660 nm channel data, which is close to the 673 nm

channel of the surface instruments.

Case Local MFRSR | Cimel Terra MFRSR Cimel
Time AOD AOD AOD AE AE

22 August 11:10 0.10 0.09 0.18 1.50+0.09 | 1.53+0.08
23 August 11:55 0.93 0.95 1.32 2.05+0.08 | 2.09+0.07
24 August 12:35 0.51 0.52 0.84 2.13+0.11 | 2.10+0.10
25 August 11:40 1.17 1.19 1.66 2.1540.04 | 2.06+0.02
26 August 12:25 0.27 0.26 0.73 2.25+0.02 | 2.28+0.03
27 August 11:30 1.03 1.01 1.82 2.30+0.07 | 2.27+0.08
28 August 12:15 0.70 0.68 1.29 1.9940.05 |2.014+0.10
29 August 11:20 0.07 0.06 0.14 1.85+0.08 | 1.89+0.04
30 August 12:00 0.27 0.25 0.78 2.2940.02 | 2.1940.04
31 August 12:45 0.06 0.05 0.13 2.03+0.08 | 2.02+0.03
1 September | 11:50 1.50 1.52 1.98 1.8240.04 | 1.79+0.02
3 September | 11:35 0.20 0.21 0.55 2.4340.02 | 2.45+0.06
5 September | 11:25 0.07 0.07 0.17 1.9840.05 | 1.93+0.09
6 September | 12:09 0.05 0.06 0.23 2.10+0.04 | 1.95+0.05
7September 11:10 0.06 0.05 0.21 2.32+40.08 | 2.01+0.11

Table 4.1: MFRSR (673 nm), Cimel (673), and Terra MODIS dark target retrieval (660 nm)
AODs and AEs for two cases (MFRSR and Cimel) during some selected days of the Rim fire
2013. The uncertainty for the MFRSR or Cimel measurements is +0.01 (Holben et al. 1998),
and Terra MODIS dark target retrieval is +(0.05 + 0.15 * AOD) (R. C. Levy 2005).
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Case Local MFRSR Cimel Agqua Deep Blue
Time AOD AOD AOD AOD
22 August 14:30 1.52 1.48 1.82 1.20
23 August 13:15 0.90 0.88 1.75 1.08
24 August 14:15 0.41 0.40 0.88 0.65
25 August 13:40 0.21 0.19 0.72 0.34
26 August 14:05 0.19 0.19 0.54 0.23
28 August 13:50 0.70 0.67 1.45 0.58
29 August 14:35 0.17 0.16 0.37 0.13
30 August 13:40 0.24 0.26 0.66 0.38
31 August 14:25 0.09 0.09 0.18 0.08
1 September 14:05 1.61 1.58 1.86 1.75
3 September 14:35 0.08 0.09 0.17 0.05
5 September 14:40 0.12 0.13 0.28 0.09
6 September 13:45 0.10 0.09 0.36 0.12
7 September 14:30 0.12 0.11 0.52 0.11

Table 4.2: MFRSR (673 nm), Cimel (673), Aqua MODIS dark-target retrieval algorithm
(660 nm) and Deep Blue retrieval algorithm AODs (660 nm) during the selected days of the
Rim fire 2013. The uncertainty for the MFRSR or Cimel measurements is +£0.01 (Holben et
al. 1998), Aqua MODIS dark-target retrieval algorithm is +(0.05 + 0.15 = AOD) (R. C.
Levy 2005) and Deep Blue AOD retrieval algorithm is +(0.04 4+ 0.15 * AOD) (Shi et al.
2012).

The absolute relative error between the satellite and ground measurements can be
defined as (Ge et al. 2010):

|A0Dsatellite - AODMFRSR'
AODMFRSR

relative error = < ) 100%

It is found that, the maximum relative error between MFRSR and Terra MODIS Dark-Target
AOD is 170% on August 26 and minimum relative error is 32% on September 1, and the

satellite retrieved AOD is always larger than the MFRSR value. 1t is likely that the satellite
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AOD retrieval algorithm is biased high due to the bright underlying surface, and the
algorithm is mostly for vegetated surfaces.

The AOD values for two cases August 23 and August 27, 2013 are plotted in Fig. 4.6
and Fig. 4.7 respectively. On August 27, the aerosol loading is higher than August 23. In
each case, the MFRSR AOD values are close with the Cimel AOD values, but the MODIS
dark-target AOD values are much larger than the MFRSR and Cimel AOD values, with

maximum exceeding 2.77 in 470 nm channels in August 27.
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Figure 4.6 Comparison of MFRSR, Cimel, Terra MODIS dark-target, Aqua MODIS dark-
target and Deep Blue retrieval AODs for August 23, 2013 at UNR.
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Figure 4.7 Comparison of MFRSR, Cimel and Terra MODIS dark-target AODs for August

23,2013 at 11:30 AM.

Fig. 4.8 shows the scatter plot of the MFRSR and Cimel hourly averaged AOD on
August 23, 2013 which indicates that the MFRSR and Cimel measured AOD values at 500
nm are highly correlated with a R? value 0.99. The comparison of ground based measured
AOD (MFRSR and Cimel) with satellite AOD measurements during the Rim fire smoke
(August/September) at the time of satellite observation are shown in Figs 4.9 and 4.10. In
both plots, the MFRSR and Cimel AOD values are close, but the satellite AOD values are
higher than ground based AOD values. Figs.4.11 and 4.12 show the variation of the daily
averaged AOD during entire month of August 2013 and indicates that the effect of smoke is

larger from 22 August and with a maximum value on 27 August.
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Figure 4.8 Comparison of the MFRSR and Cimel aerosol optical depth for 500 nm on
August 23, 2013 at UNR.

3.0 T T T T v T T T T T v T T T u
i —m— MFRSR AOD il
S | —@&— CIMEL AOD o
) = TERRA AOD
S 204 - —
=
D -
= £ |
T 154 "
=4 :
o - - |
2 1.0 o
S
[<5) E . 1
2 /\ ,,
0.5 - -
i @ ) . _ m g
00t s 3 B T

v T T T T T T T T T T T T
Aug 22 Aug 24 Aug 26 Aug 28 Aug 30 Sep 1 Sep3 Sep 5 Sep 7
Days of Smoke
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rim fire, August-September, 2013.
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Figure 4.10 Comparison of MFRSR, Cimel and Aqua MODIS dark-target AODs during the
Rim fire, August-September, 2013.
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4.2.2 Aerosol Volume Size Distribution

The size distributions for all smoky days during the Rim fire are dominated by fine
mode aerosol particles. The comparison of the retrieved size distribution using MFRSR and
Cimel is shown in Fig. 4.13 (top). On August 23, the values of the fine and coarse modes
radii are 0.14 and 2.22 um respectively. The values of particle volume concentration for fine
(Cr) and coarse modes (C,) are found to be 0.221 and 0.0303 pm?/pum? respectively. These
results indicate that the particle sizes of two modes are nearly constant during this period and
that the fine mode dominates the coarse mode by about 10:1 using MFRSR data. This is
consistent with our observation that the majority of the aerosol particles are smoke. Fig. 4.13
(bottom) shows the wavelength dependence of measured and retrieved (model) values of

AOD. The measured AOD is from MFRSR AOD retrieval and model AOD is from Mie
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calculation by using the retrieved aerosol size distribution and refractive index (up = 1.5 +

0.0071). The plot (Fig. 4.13 bottom) shows that measured and model values of AOD are in

excellent agreement.
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Figure 4.13 (Top) Aerosol size distribution comparison derived from MFRSR and Cimel,
and (bottom) the spectrally dependent AOD for selected cases derived from the MFRSR data
and Mie calculation by using the derived aerosol size distribution and refractive index for

August 23, 2013.
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4.2.3 Back Trajectories Analysis

In order to understand the origin of the aerosol particles over Reno, the 48-hour back
trajectories were calculated by using the HYSPLIT (Hybrid Single Particle Lagrangian
Integrated Trajectory). The HYPLIT model was developed by Air Resources Laboratory
(ARL) of National Oceanic and Atmospheric Administration (NOAA). The EDAS (Eta Data
Assimilation System) archive uses 40 km, Lambert Conformal Grids for its datasets (McNeal
2008). We chose three different altitudes: near-surface level (500 m from the ground), 1 km
from the ground surface, in which majority of the aerosol particles are present, and the 2.5
km level, close to the top of the atmospheric boundary layer.

The HYSPLIT model was used to compute back trajectories for air parcels arriving at
the surface of UNR site during the Rim fire 2013. Fig. 4.14 shows the back trajectories for air
reaching Reno on August 23 and Fig. 4.15 represents the back trajectories for August 27.
Both plots demonstrate that the southerly wind brought the plumes of smoke to Reno from
the Rim fire. The bottom panels of both plots show the height of the air mass in meters above
ground level. The time chosen for air-mass arrivals is 17:00 UTC on August 23 and 21:00
UTC on August 27 in order to give a more representative pattern for the air masses affecting
the study area. The air parcels reaching Reno on these days are from the Rim fire, thus

strongly influence on the AOD and AE.
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Figure 4.14 48-hours back trajectory from NOAA- HYSPLIT on August 23, 2013 to Reno
during the Rim fire.
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Figure 4.15 48-hours back trajectory from NOAA- HYSPLIT on August 27, 2013 to Reno
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4.3 Dust Storm on 24 April, 2013 in Reno

Dust storms frequently occur in desert regions of the world, especially during the
spring and summer time. In general dust aerosols are emitted from the arid and desert areas
around the earth with about 90% of total emission occurring in the Northern Hemisphere,
mostly in North Africa (Li, Ginoux, and Ramaswamy 2008). Dust, a major aerosol in the
atmosphere, plays an important role in the radiative budget and climate. Solar radiation is
absorbed and scattered by dust aerosol as a function of the wavelength. Dust can be
associated with large optical depths just as with smoke from wild fires, although dust
particles are larger. In April 24, 2013, northeasterly winds were reported at about 16 mph
during the evening time of Reno. The winds were picking up dust from the Humboldt sink,
blowing it towards the southwest, and hazing the skies over Reno and Sparks into a milky
white. The white rings in Fig. 4.16 show forward diffraction by dust particles in Reno at two

times on April 24, 2013.

Figure 4.16 Scattering of solar light radiation due to a dust storm on April 24, 2013 at UNR
at local times 5:52 PM and 6:24 PM.
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4.3.1 Aerosol Optical Depth and Angstrém Exponent
Due to dust on April 24, 2013, the AOD is higher at evening than in the morning.

Based on Fig. 4.17 (top), the values of AOD during the dust periods are higher than during
the non-dust periods for all wavelengths (415, 500, 615, 673 and 870 nm). However, the
values of AE at the time of dust are lower than non-dust times as shown in Fig. 4.17
(bottom). The minimum value of AE that we found was 0.23 at 2:30 PM local time,

indicating that aerosol particles sizes were large at that time.

Fig. 4.18 shows the comparison of the AOD using the MFRSR and Cimel during the
dust storm for wavelengths 500 nm and 673 nm. The maximum values of AOD at 500 nm,
during the dust, were found to be 0.19 and 0.21 using MFRSR and Cimel, respectively.
However, for 673 nm channel, the maximum values of the AOD were found to be 0.18 and
0.20 using MFRSR and Cimel, respectively, which are about double the non-dust values
during the (morning) time on April 24, 2013. The Cimel and MFRSR AOD differences

during the dust are below the limit of the calibration accuracy 0.02.
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Figure 4.17 Time series of aerosol optical depth and Angstrém Exponent for April 24, 2013
at UNR during the dust storm.
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Fig. 4.19 and Fig. 4.20 compare the ground base AOD measurements (MFRSR and
Cimel) with satellite AOD measurements (Terra MODIS, Aqua MODIS and Deep Blue). On
April 24, at the time of satellite measurements, the dark-target retrieval-algorithm Terra
MODIS and the Aqua MODIS dark-target AOD values are higher than MFRSR and Cimel
AOD values for all wavelengths. The relative error between MFRSR at 673 nm and dark-
target retrieval-algorithm measurement (Aqua MODIS) at 660 nm is 47%. However, the
relative error between Deep Blue retrieval-algorithm AOD value at 660 nm and MFRSR

AOD value, at 673 nm is 18% (Fig. 4.20).

These errors may be due to difficulty of distinguishing between the surface and
atmospheric components of the radiance received by the satellite. The empirical relationship
that is used to deduce surface reflectance of each wavelength, using the remote sensed
surface reflectance values may be incorrect for bright surfaces (Kaufman et al. 1997b). The
Deep Blue retrieval values are much improved over the MODIS values because Deep Blue
employs two blue channels (412 and 470 nm) in MODIS, for which surface reflectances are
relatively small, and are known relatively well from direct empirical measurements during

clear sky conditions. (Hsu et al. 2004).
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Figure 4.19 Comparison of MFRSR, Cimel and Terra MODIS dark-target AODs during the
dust storm for April 24, 2013 at 12:55 PM.
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Figure 4.20 Comparison of MFRSR, Cimel, Aqua MODIS dark target and aerosol and Deep
Blue retrieval AODs during the dust storm for April 24, 2013 at 1:40 PM.
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4.3.2 Aerosol Volume Size Distribution

The variation in aerosol volume size distribution is clearly noticeable for the dust
storm in the coarse mode, while the fine mode remains relatively constant. The magnitudes
of the volume size distribution of the coarse mode were high due to the dust storm during
evening of April 24, 2013. The aerosol size distribution is shown in Fig. 4.21 (right).
Analysis showed that the percentage of the fine mode aerosols decreased while those of
coarse mode aerosols increased during the dust storm in comparison with dust free condition
as shown in Fig. 4.21 (left). These results indicate that the particle sizes of the two modes are
very consistent during this period and the coarse mode dominates the fine mode during the
dust storm. This shows that the majority of the dust aerosol particles occurred during the
evening time of April 24, 2013. The wavelength dependence of measured and retrieved

(model) values of AOD shown in Fig. 4.22 indicates that they are in excellent agreement.
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Figure 4.21 Aerosol size distributions during the dust storm using MFRSR for April 24,
2013.
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retrieval for April 24, 2013.

4.3.3 Back Trajectories Analysis

The HYSPLIT model was used to study the back trajectories during the dust storm on
April 24, 2013. We chose three different latitudes: near-surface level (500 m from the
ground), 1 km and 3 km level. Fig. 4.23 and Fig. 4.24 show the back trajectories of air
masses reaching Reno on April 24 at times 1 PM and 3 PM respectively. The back
trajectories demonstrate that the air masses (containing dust) reach Reno on April 24 during
evening time, as expected. The bottom panels of both plots show the height of the air mass in
meter above the ground level. The dust mass reaching Reno on this day strongly influences

the AOD and AE.
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Figure 4.23 48-hours back trajectory from NOAA- HYSPLIT on April 24 (20:00 UTC),
2013 to Reno during the dust storm.
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4.4 Clear Sky Days
4.4.1 Aerosol Optical Depth and Angstrém Exponent

We chose 15 clear-sky days for AOD comparisons of ground based measurements
(MFRSR and Cimel) and satellite measurements. The 500 and 870 nm channels are common
to both Cimel and MFRSR instruments. For comparison with the MFRSR 673 nm channel,
we interpolated between Cimel optical depths at 500 nm and 675 nm to obtain a Cimel
derived estimate of optical depth at 673 nm. However, we compare the ground based AOD
measurements at 673 nm with the satellite AOD measurements at 660 nm. The overall
difference between the AOD obtained by the MFRSR and Cimel is relatively small, as shown
in Table 4.3. In this work, we found that, the variation of AOD is between 0.018 and 0.042 at
the 673 nm channel for both Cimel and MFRSR (Table 4.3).

The AOD variation was analyzed for early dry season months (May to August) and
late dry season months (September to November). We found the aerosol concentration
during the late dry season months is relatively higher compared to the other dry season
months. In Fig. 4.22 and Fig. 4.23, we compare the retrieved AOD derived from Cimel and
MFRSR. The AOD values during clear sky at 500 nm range from 0.017 to 0.06 for August 1,
2013 and from 0.04 to 0.06 for October 15, 2013. We compared the ground based MFRSR
and Cimel AOD measurements with satellite AOD Terra MODIS dark target retrieval in Fig.
4.24 on 11:35 AM and, Aqua MODIS dark target and Deep Blue retrievals in Fig. 4.25 on
1:15 PM for the same day August 1. It was found that the Terra MODIS and Aqua MODIS
dark-target AOD values are higher than the AOD values found from MFRSR and Cimel. The
relative errors between MFRSR and satellite measurements (Terra MODIS, Aqua MODIS
dark target and Deep Blue retrievals) are large, likely due to the misrepresentation of surface

reflectance in the retrieval algorithms.
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Case MFRSR Cimel Terra Aqua | Deep Blue

AOD AOD AOD AOD | AOD
30 May 0.020 (0.006) | 0.030 (0.006) |0.14 0.077 |0.020
8 June 0.018 (0.003) | 0.022 (0.002) |0.252 0.105 |0.038
13 June 0.022 (0.003) | 0.024 (0.003) |0.235 0.506 | 0.060
1 August 0.019 (0.008) | 0.012 (0.005) | 0.090 0.040
2 August 0.020 (0.009) | 0.013 (0.003) | 0.131 0.045 |0.022
19 September | 0.026 (0.005) | 0.023 (0.005) | 0.221 0.052 | 0.022
20 September | 0.040 (0.007) | 0.042 (0.005) | 0.20 0.214 |0.019

23 September | 0.018 (0.054) | 0.015 (0.002) 0.261

4 October 0.027 (0.003) | 0.026 (0.002) 0.137

5October | 0.018 (0.008) | 0.019 (0.001) |0.266

15 October 0.026 (0.006) | 0.028 (0.002) 0.157 0.154

23 October 0.034 (0.006) | 0.036 (0.004) 0.109 0.077 0.034

25 October | 0.024 (0.004) | 0.029 (0.008) | 0.112

26 October 0.031 (0.008) | 0.037 (0.003) 0.178 0.119 0.028

27 October 0.030 (0.003) | 0.040 (0.010) 0.166 0.213

Table 4.3 MFRSR and Cimel average, (standard deviation in parentheses) of AOD at 673 nm
wavelength and Terra MODIS dark-target, Aqua MODIS dark-target and Deep Blue
retrieved AOD at 660 nm. The uncertainty for the MFRSR or Cimel measurements is +0.010
(Holben et al. 1998), Aqua MODIS dark-target is +£(0.05 + 0.15 * AOD) (R. C. Levy 2005)
and Deep Blue AOD is +(0.04 + 0.1 * AOD) (Shi et al. 2012).
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Figure 4.25 Time series comparison of MFRSR and Cimel aerosol optical depth for August
1, 2013 at UNR during the clear sky for the 500 nm and 673 nm channels.
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Figure 4.26 Time series comparison of MFRSR and Cimel aerosol optical depth for August
2 and October 15, 2013 at UNR during the clear sky for the 500 nm channel.
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Figure 4.27 Comparison of MFRSR, Cimel and Terra MODIS dark target retrieved aerosol
optical depths for August 2, 2013 at 11:35 AM.
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4.4.2 Aerosol Volume Size Distribution

Fig. 4.26 shows the aerosol size distribution vs. radius obtained at ground level from
MFRSR and Cimel measurements for August 2, 2013 during the clear sky cloud free day.
The observed volume size distribution is bimodal with fine modal radius between 0.02 to
0.4 um, and the coarse mode between 0.5 to 10 um. It was found that fine and coarse mode
volume concentrations were similar. It is also found that, during the clear sky, both fine and
coarse modes distributions are very small as expected due to the lower aerosol loading. Fig.
4.27 indicates that the wavelength dependence of measured and retrieved (model) values of

AOD are in excellent agreement.
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Figure 4.29 Aerosol size distribution comparison derived from MFRSR and Cimel for
August 2, 2013 during the clear sky cloud free day.
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Chapter 5 Single Scattering Albedo, Asymmetry Parameter and
Radiative Forcing Case Studies

5.1 Introduction
The single scattering albedo (SSA) and asymmetry parameter (ASY) are key

parameters for the assessment of aerosol radiative forcing contributions of absorption to the
extinction (Alam et al. 2012). The SSA is the fraction of the energy removed from the
incident wave that reappears as scattered radiation. The wavelength dependent SSA is
important in understanding the climatic effects of the aerosols. The value of the SSA strongly
depends on the aerosol composition and size distribution (Dubovik et al. 2002, More et al;
2013). Lower values of the SSA indicate the presence of absorbing aerosols such as certain
types of biomass burning, vehicular emission and industrial pollutants, whereas higher values
of SSA indicates the dominance of scattering aerosols such as sulfate, nitrate and some
organic aerosols and certain types of the dust in the atmosphere (Dickerson et al. 1997).

The ASY is the average value of the cosine of the scattering angle for the scattered
radiation. The values of the ASY can range from -1 for backwards scattering to +1 for
forward scattering, with a value of 0.7 commonly used in radiative transfer models for
aerosols. For Rayleigh scattering, i.e. equal forward and backward scattering, the asymmetry
parameter is zero. As the forward scattering dominates over the backward scattering the
asymmetry parameter increases. The SSA and ASY both are important for radiative forcing

calculations.
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5.2 California Rim Fire, August-September 2013

5.2.1 Solar Irradiance Measurements

The solar irradiance and energy fluxes play an important role of the atmospheric
circulation. The determination of the solar irradiation and its interaction with the atmosphere
and the Earth's surface is important since solar irradiation accounts for almost all the energy
available to the Earth (Queface, 2013). The solar irradiance can reach the Earth’s surface by
two ways. The first is direct solar irradiation, where solar irradiation is directly transmitted
through the atmosphere and second is via diffuse solar irradiation due to gases, aerosols, and
clouds where the incoming solar irradiation is scattered or reflected (Queface, 2013).

We measured three parameters of radiation fluxes at UNR: global, diffuse and direct.
The global, diffuse and direct normal irradiances were measured by using MFRSR and also
retrieved by using the 2-stream model. These measurements were obtained during the Rim
fire for the period of mid-August to mid-September, 2013. Fig. 5.1 and Fig. 5.2 are the time
series of diffuse, normal direct and global solar irradiance measurements at wavelengths 500
nm and 870 nm (10 nm bandwidths) taken at UNR during the Rim fire on August 23, 2013.
From MFRSR observed data for August 23, 2013, the maximum values of the diffuse,
normal direct and global irradiances for the 500 nm channel were found to be 0.85, 0.29 and
1.05 Wm~2nm™1, respectively.

A 2-stream model was used to compare with the observed irradiances for all
wavelengths. The ASY and SSA values used were from the retrievals as discussed in Chapter
3. The model calculations give the diffuse, normal direct and global irradiances as 0.83, 0.28
and 1.02 Wm™2nm™1, respectively at 500 nm. For 870 nm, the values of the diffuse, normal
direct and global irradiances were found to be 0.28, 0.54 and 0.69 Wm~2nm™1, respectively
using MFRSR, and 0.29, 0.53 and 0.68 Wm™2nm™1, respectively using the 2-stream model
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for August 23. It is found that the percent difference between the MFRSR observed and 2-

stream model (diffuse, normal direct and global irradiance) values are less than 5% for both

wavelengths.
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Figure 5.1 Diffuse irradiance (top), normal direct irradiance (middle) and total irradiance
(bottom) for 500 nm during the Rim fire on August 23, 2013 using MFRSR observed values

and 2-stream model.
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Figure 5.2 Diffuse irradiance (top), normal direct irradiance (middle) and total irradiance
(bottom) for 870 nm during the Rim fire on August 23, 2013 using MFRSR observed values
and 2-stream model.
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The MFRSR measured global, diffuse and direct normal radiative fluxes with respect
to low polluted, medium polluted and highly polluted atmospheric conditions during the Rim
fire, 2013 are shown in Table 5.1. The reduction in the global irradiance and direct normal
irradiance during the highly polluted days is due to high aerosol (smoke) loading. The
increase in the diffuse irradiance during highly polluted atmospheric conditions is due to

scattering of solar radiation by high aerosol loading.

Date Aerosol loading classes | Maximum Maximum Maximum
Diffuse Normal Direct | Global
Irradiance Irradiance Irradiance
Wm?nm! | Wm?nm~! | Wm?nm!
August 23 High aerosol (smoke) 0.85 0.29 1.05
August 24 Medium aerosol (smoke) | 0.76 0.75 1.31
August 26 Medium aerosol (smoke) | 0.56 0.88 1.35
August 27 High aerosol (smoke) 0.80 0.19 0.96
August 28 High aerosol (smoke) 0.81 0.47 1.23
August 29 Low aerosol (smoke) 0.41 1.39 1.47
August 30 Medium aerosol (smoke) | 0.58 0.99 1.34
August 31 Low aerosol (smoke) 0.36 1.43 1.51
September 1 | High aerosol (smoke) 0.75 0.22 0.91
September 3 | Medium aerosol (smoke) | 0.48 1.21 1.47
September 5 | Low aerosol (smoke) 0.37 141 1.55
September 7 | Medium aerosol (smoke) | 0.51 0.96 1.26

Table 5.1: Maximum diffuse, normal direct and total irradiances at 500 nm using MFRSR
observed values during 12 selected days of Rim fire 2013.
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5.2.2 Single Scattering albedo (SSA)

The SSA is an important parameter specifying the impact of aerosols on radiative
forcing, particularly for absorbing aerosols such as those generated from biomass burning
(Kaufman et al. 1997). Fig. 5.3 shows the spectral dependence of SSA between 440 and 1020
nm wavelengths using Cimel, and between 415 and 870 nm using MFRSR. The decreased
SSA with wavelength is due to the absorption of radiation by small black carbon (BC)
particles in a mixture of non-absorbing particles (Eck et al. 2001, Dubovik et al. 2002). In
general, biomass burning aerosols are known to be an absorbing aerosol, due to black carbon
produced by combustion during flaming combustion. Low SSA values may induce warming
because of absorption of the solar radiation by absorbing aerosols (Queface, 2013).

The value of SSA varies significantly for smoke due to the presence of black carbon
in the combustion products. The highest absorption of the solar radiation with the strong
spectral dependence was observed for the African savanna regions and the lowest absorption
was observed for North America boreal forest (Dubovik et al. 2002). However, the different
in absorption may also be due to the different factors such as impact of the moisture content
of the fuel, the degree of the aging of the particles, relative humidity, ambient temperature
and fire intensity (Jacobson 2001). In this study, we compare values of the SSA from MFRSR
and Cimel retrievals. The MFRSR retrieved SSA values decreased from 0.91 to 0.86 for the
wavelength range 415 to 870 nm, at 9:01 AM local time for August 23, 2013 during the
highest smoke concentration in Reno of the Rim fire. Similarly, by using Cimel, the SSA
values decreased from 0.92 to 0.88 for wavelength 440 to 869 nm (Fig. 5.3 (top)). However,
at 4:36 PM, the SSA values decreased from 0.93 to 0.90 using MFRSR and 0.94 to 0.92 using
Cimel for the same wavelength range (Fig. 5.3 (bottom)). The uncertainty in the MFRSR or
Cimel derived SSA is about + 0.03 (Kassianov et al. 2007).
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5.2.3 SSA Comparison between Photoacoustic (PA) and MFRSR measurements
Fig. 5.4 and Fig. 5.5 compare the SSA calculations from PA and MFRSR retrievals

for two different days. Fig. 5.4 is for a smoky day, August 23, 2013 and Fig 5.5 is for a clear
day, October 24, 2013.

It is interesting to note from Fig. 5.4 that, for the smoky day, the SSA values from PA
measurements and from the MFRSR retrievals are comparable. For PA measurements the air
is sampled relatively close to the ground while the MFRSR measures a columnar value of the
SSA. It is noteworthy that the PA and MFRSR measurements give similar values of the SSA
for the smoky day, suggesting well-mixed smoke in the atmosphere near ground level. For
both instruments, SSA decreases slightly from 0.88 (at 6 AM) to 0.87 (at 8 AM) due to the
emissions of BC from the vehicles during the morning rush hour. As the day progresses, the
SSA for both instruments increases continuously and reaches a maximum value of 0.89 at 6
PM local time. For comparison, Gyawali et al., 2009 reported a SSA value of around 0.91 (at
6 PM) during California wildfires of summer 2008 at 405 nm. Also apparent from the Fig.
5.4 is the absence of a strong diurnal cycle on the SSA. The nearly constant values of SSA
(around 0.88) from 6 AM to 6 PM suggest the consistent dominance of the smoke throughout
the day.

In contrast to Fig. 5.4, Fig. 5.5 depicts the considerable variations of SSA calculations
from PA and MFRSR for a clean day, October 24, 2013. This perhaps is as expected, for a
not well mixed day, like this, the SSA obtained from the PA is more representative of the
ground level air sample while those obtained from MSRSR are representative of the entire
column above the instrument. It is noteworthy that, unlike Fig. 5.4, Fig. 5.5 shows the strong
diurnal cycle on SSA for both PA and MFRSR, with minima on the morning rush hour and
maxima on either side. The SSA obtained from the MFRSR is considerably higher than that
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of the PA implying the very different optical nature of the air close to the ground and the air

above the surface. It can be seen from the plot that in comparison to the PA measurements,

the rush hour emissions have little but slightly noticeable effect on the MFRSR retrievals.
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Figure 5.4 Comparison of the SSA using MFRSR at 415 nm and Photoacoustic (PA)
measurements at 405 nm during the Rim fire on August 23, 2013
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during the clear sky day on October 24, 2013.

5.2.4 Asymmetry parameter and imaginary part of refractive index

The ASY ranges from a maximum 0.68 at 415 nm to a minimum of 0.52 at 870 nm
during high aerosol (smoke) loading by using MFRSR on August 23, 2013. Also by using
Cimel, the asymmetry parameter varies from a maximum 0.67 at 440 nm to a minimum 0.43
at 1020 nm on the same day (Fig. 5.6). The uncertainty in MFRSR or Cimel derived ASY is
about + 0.03 (Kassianov et al. 2007). Similarly, Fig. 5.7 shows that daily variation of the
wavelength dependence of the ASY. It can be seen from the plot that the value of asymmetry
parameter decreases with an increase in wavelength and varies from 0.50 to 0.72. The ASY
for all wavelengths decreases slightly as the day progresses and remains constant thorough
the day. The higher values of the ASY at the shorter wavelengths (415 and 500 nm) suggest
more forward scattering by the smoke aerosols at these wavelengths compared to at the 870

nm. The mean daily values (+ standard deviations) of the ASY for wavelengths 415, 500 and
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870 nm are 0.69+0.01, 0.65+0.01 and 0.52+0.02, respectively. The values of the ASY
reported in Fig. 5.7 are comparable with the ASY values reported for a strong wildfire event

over Valencia (Spain) during the summer 2012 (Gémez-Amo et al. 2013).
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Figure 5.7 The asymmetry parameter for different channels (415, 500 and 870 nm) during
the Rim fire on 23 August, 2013 retrieved from the MFRSR measurements.

Fig. 5.8 shows the retrieved imaginary part of the refractive index (RI) values as a
function of wavelength by using MFRSR and Cimel for August 23, 2013. The imaginary part
of the refractive index decreases from 0.022 to 0.013 as wavelength increases from 415 nm
to 870 nm (Fig.5.8). Similarly, by using the Cimel, the imaginary part of the refractive index
decreases from 0.015 at 440 nm to 0.005 at 1020 nm. Fig. 5.9 shows that daily values of the
wavelength dependence of the RI for the same smoky day. The RI values increase slightly
during the morning rush hour due to emission of BC from vehicles and decrease continuously
to reaches minimum values at evening time. The average daily values of the RI (+ standard
deviation) for 415, 500 and 870 nm were 0.0204+0.002, 0.014+0.002 and 0.011+0.002,
respectively. The values of the RI are higher for shorter wavelengths than for the longer

wavelengths for the smoke implying the enhanced light absorption by smoke at shorter
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wavelengths (Alam et al. 2012). The uncertainty in MFRSR or Cimel derived RI is about

+ 0.004 (V Estelles, 2012).
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5.3 Dust Storm on April 24, 2013 in Reno

5.3.1 Solar Irradiance Measurements

For given aerosol properties, we can calculate the global, direct normal and diffuse
irradiances by using the 2-stream radiative transfer model. The most important input
variables for the 2-stream radiative transfer model are the wavelength dependent aerosol
properties such as AOD, SSA, ASY and RI. Good agreement between the calculated and
observed (MFRSR) radiative fluxes demonstrates that these input parameters, particularly the
retrieved aerosol properties, are an appropriate representation of the atmospheric conditions
(Ge et al. 2010).

The observed global, diffuse and direct normal irradiances at 500 nm are compared
with model-simulated irradiances for April 24, 2013 during the dust storm are shown in Fig.
5.10. During the dust storm on April 24, at evening time, the diffuse irradiance increases and
the direct normal irradiance decreases due to the scattering of the solar radiation by dust
aerosol whereas the global irradiances were uniform. From MFRSR observed data for April
24, 2013, the maximum values of the diffuse irradiance at 500 nm was found to 0.34
Wm™2nm~1. However, at the same time, the direct normal irradiance decreased to 1.18
Wm™2nm™! during the dust storm. The 2-stream radiative model calculations give the
diffuse and direct normal irradiances as 0.35 and 1.17 Wm~2nm™1, respectively (Figure
5.11). The percent difference between the MFRSR observed and 2-stream model (diffuse,

normal direct and global irradiance) values are below 5%.
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5.3.2 Single Scattering albedo (SSA)

The SSA in Reno increased with wavelength due to presence of the large dust particles on

April 24, 2013 in evening time (Fig. 5.11). The SSA for dust increases with wavelength in the

range of 300 nm to 1000 nm. This is because of significantly higher absorption in the UV and

visible wavelengths (less than 600 nm), and lower absorption at longer solar wavelengths (675-

1000 nm) (Bergstrom, Russell, and Hignett, 2002). The magnitude of the SSA in the wavelength

range 415 to 870 nm varied between the values 0.88 to 0.94 at 1:15 PM local time and 0.86 to

0.93 at 2:30 PM local time for April 24, 2013 during the dust storm (Fig.5.11). The SSA

increased rapidly with increasing wavelength, which reflected the dominance of scattering

dust particles over the absorbing particles. For comparison, the values of SSA at 550 nm for

Saharan dust was 0.88 (Hess at. el 1998) and 0.99 (Haywood et al. 2003).
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5.3.3 Asymmetry parameter and imaginary part of refractive index

Fig. 5.12 shows the retrieved ASY values as a function of wavelength using MFRSR
for April 24, 2013. The asymmetry parameter ranges from a maximum 0.74 at 415 nm to a
minimum of 0.68 at 870 nm during dust aerosol loading at 1:15 PM. Fig. 5.13 shows the
retrieved imaginary part of the refractive index values as a function of wavelength by using
MFRSR for August 24, 2013. The imaginary part of the refractive index decreases from
0.019 to 0.01 as wavelength increases from 415 nm to 870 nm.

0.80

Al I Al I AJ I T
41 April 24, 2013, 13:15
0.78 —

el :?
o W\ll\l -

0.68 —

0.66 —

Asymmetry Parameter

0.64 — -

0.62 -

0.60

L) I T l Al I L) l T I L) I Ll I T ' L) I Ll
400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 5.12 Variation of the asymmetry parameter with wavelength using MFRSR retrievals
during the dust storm on April 24, 2013.
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5.4 Clear Sky Days in Reno

5.4.1 Solar Irradiance Measurements

Solar radiation fluxes are often influenced by broken cloud fields, making it difficult
to assess the direct aerosol radiative forcing (Queface, 2013). The radiative forcing by
aerosols in the atmosphere can be better evaluated in the absence of clouds. Therefore correct
identification of clear sky conditions is essential for studying aerosol radiative forcing and
this exercise may need the use of multiple instruments (Antonio Joaquim Queface, 2013) .
The daily time series of global and direct solar radiation measurements, obtained from
MFRSR data and 2-stream radiative transfer model at UNR, allowed the identification of the
probable clear sky days during the daytime. We select some of the clear sky days for our
study of global, diffuse and direct normal irradiances using MFRSR observed values and
provide comparisons with the values calculated by using the 2-stream model.

The upper panels of Fig. 5.14 show the global solar irradiances near 500 nm (10 nm
bandwidth) measurement for both a cloudy and a clear sky day. A noisy time series curve
was observed for a cloudy day on May 27, 2013; on the other hand, a smooth curve was
found during the cloud-free (clear sky) day on August 1, 2013. On clear sky days, the
reduction of solar radiation can be due to the presence of the aerosols and gas constituents of
the atmosphere. The changes of solar radiation fluxes from one clear sky day to another can
be mainly due to the changes on aerosol loading in the atmosphere. The lower panels of the
Fig. 5.14 are the sky images corresponding to the observation during the cloudy and clear sky

days.
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Figure 5.14 The global solar irradiances during the cloud on May 27, 2013 (left panel) and
during the clear sky on August 1, 2013 (right panel).

For our study we select 12 clear sky days. Table 5.2 shows that the MFRSR measured
global, diffuse and direct normal radiative fluxes at 500 nm for some selected clear sky days.
Figs. 5.15 and 5.16 are time series of diffuse, direct normal and global solar irradiance
measurements at wavelengths 500 nm and 870 nm taken at UNR during the clear sky on
August 1, 2013. From MFRSR observed data for August 1, 2013, the maximum values of the
diffuse, normal direct and global irradiances at 500 nm were found to be 0.15, 1.54 and

1.61 Wm™2nm™!, respectively (Fig. 5.15). For 870 nm, the diffuse, direct normal and global
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irradiances were found to be 0.02, 0.88 and 0.84 Wm™?nm™?, respectively (Fig. 5.16). The
MFRSR observed values and 2-stream radiative transfer model values (diffuse, normal direct

and global irradiance) are in good agreement for both wavelengths.

Maximum Maximum Maximum
Date State of the Diffuse Normal Direct | Global
Atmosphere Irradiance Irradiance Irradiance
WmZnm?! | WmZ?nm! |Wm?nm!
1 August Low aerosol (clear sky) | 0.15 1.54 1.61
2 August Low aerosol (clear sky) | 0.15 1.52 1.31
19 September Low aerosol (clear sky) | 0.15 1.52 1.33
20 September Low aerosol (clear sky) | 0.21 1.45 1.32
23 September Low aerosol (clear sky) | 0.155 1.52 1.31
4 October Low aerosol (clear sky) | 0.16 1.46 1.19
5 October Low aerosol (clear sky) | 0.15 1.47 1.20
15 October Low aerosol (clear sky) | 0.15 1.44 1.11
23 October Low aerosol (clear sky) | 0.17 1.39 1.03
25 October Low aerosol (clear sky) | 0.14 1.44 1.01
26 October Low aerosol (clear sky) | 0.155 1.41 1.00
27 October Low aerosol (clear sky) | 0.15 1.41 0.99

Table 5.2: Maximum diffuse, normal direct and total irradiances at 500 nm using MFRSR
observed values during 12 selected clear sky days.
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Figure 5.15 Diffuse irradiance (top), normal direct irradiance (middle) and total irradiance
(bottom) for 500 nm during the clear sky on August 1, 2013 using MFRSR observed values
and 2-stream model.
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Figure 5.16 Diffuse irradiance (top), normal direct irradiance (middle) and total irradiance
(bottom) for 870 nm during the clear sky on August 1, 2013 using MFRSR observed values
and 2-stream model.
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5.4.2 Single Scattering albedo (SSA)

The SSA values were obtained for the five wavelengths of the MFRSR for ten clear
sky days from August 1 to October 25 of 2013. The value of SSA ranged from 0.73 - 0.94 at
415 nm, 0.69 - 0.92 at 500 nm, 0.66 - 0.91 at 615 nm, 0.65 - 0.89 at 675 nm, and 0.63 - 0.87
at 870 nm using MFRSR. Fig. 5.17 illustrates the comparison of SSA from MFRSR and
Cimel for August 1, 2013 during a clear-sky day. It was found that the SSA for clear sky
decreases with wavelength. The magnitude of the SSA in the wavelength range 415 to 870
nm varied between the values 0.92 to 0.84 at 9:15 AM local time by using MFRSR. Similarly
by using Cimel, the retrieved SSA values were from 0.87 to 0.83 for increase in wavelength

from 440 to 769 nm at 9:15 AM local time (Fig. 5.17).
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Figure 5.17 Variation of the SSA with wavelength using MFRSR and Cimel during the clear
sky on August 1, 2013.
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5.4.3 Asymmetry parameter and imaginary part of refractive index
Fig. 5.18 shows the ASY values as a function the wavelength using MFRSR and

Cimel for August 1, 2013 during clear sky day. The ASY ranges from a maximum 0.64 at 415
nm to a minimum of 0.61 at 870 nm at 9:15 AM local time by using MFRSR. Also by using
Cimel, the ASY varies from a maximum 0.68 at 440 nm to a minimum 0.66 at 869 nm at 9:15
AM local time on same day. The uncertainty of retrieved values of the SSA and ASY using

MFRSR or Cimel is about + 0.03 (Kassianov et al. 2007).
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Figure 5.18 Variation of the asymmetry parameter with wavelength using MFRSR and
Cimel during the clear sky on August 1, 2013.
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Fig. 5.19 shows the retrieved RI values as a function of wavelength by using MFRSR
and Cimel for August 1, 2013. The RI varies from 0.008 to 0.007 as wavelength increases
from 415 nm to 870 nm by using MFRSR. Similarly, by using the Cimel, the RI varies from
0.0039 at 440 nm to the 0.0040 at 1020 nm. The uncertainty in Rl measured by using

MFRSR or Cimel is about + 0.004 (V Estelles, 2012).
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Figure 5.19 Variation of the imaginary part of refractive index with wavelength using
MFRSR and Cimel during the clear sky on August 1, 2013.
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5.5 Aerosol Radiative Forcing Comparison

The top of the atmosphere aerosol radiative forcing (ARF) is defined as the difference
between the net (i.e. incoming — outgoing) atmospheric radiative fluxes when aerosols are
present and when they are absent (Vogelmann et al. 2003). The total ARF can be broken
down into the direct effect and indirect effect. The direct effect is due to the actual
interactions of the aerosols with solar radiation and the indirect effect is due to the aerosol
induced changes in the radiative properties of clouds. For the purpose of this study, the direct
effect will be the focus for analysis of the radiative forcing. The scattering of the solar
radiation may result in a cooling effect of the atmosphere called negative forcing. Absorption
of solar radiation may lead to warming the atmosphere, called positive forcing. This heating
and cooling of the atmosphere due to radiative forcing directly effects the monsoon
circulation (Prasad et al. 2007). Since the optical properties play an important role in
determining the radiative forcing of the atmosphere. In modeling of aerosol effects on
atmospheric radiation, the following aerosol optical properties like AOD, SSA, ASY and
surface-albedo are important input parameters. In this work, the AOD, SSA, ASY values were
obtained from MFRSR and AERONET site that and surface albedo value is taken to be 0.08
for 550 nm wavelength.

The radiative forcing at the top of the atmosphere (TOA) has been estimated during
the California Rim fire 2013. We used Eq. 3.47 from chapter 3 to calculate radiative forcing.
Fig. 5.20 shows that the variation of the radiative forcing at the TOA by using MFRSR and
Cimel retrieved aerosol optical properties for August 23, 2013. The plot indicates that the
aerosol radiative forcing at TOA varies between —38 W/m? to —65 W/m? by using

MFRSR data. These values are comparable with the radiative forcing values derived from the
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Cimel. By comparison, the radiative forcing by all CO, is about 20 W/m? and CO, increased
since the industrial revolution is about 1.5 W/m? (Forster et al. 2007).

Fig. 5.21 is the MFRSR retrieved aerosol radiative forcing during the desert dust on
April 24, 2013. The radiative forcing at TOA ranges between —2.0 W/m? to —4.5 W/m?
during the dust storm. Fig. 5.22 is the comparison of the MFRSR and Cimel retrieved aerosol
radiative forcing during the clear sky on August 1, 2013. The radiative forcing at TOA
ranges between —0.45 W/m? to —1.75 W/m? by using MFRSR. From these three plots, it
is clear that the highest negative values of direct aerosol radiative forcing were observed
during the peak of the biomass burning period during the Rim fire and lowest negative values

were observed during the clear sky period.
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Figure 5.20 The aerosol radiative forcing at top of atmosphere during the Rim fire on
August 23, 2013.
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Figure 5.22 The aerosol radiative forcing at top of atmosphere during the clear sky on
August 1, 2013.
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Chapter 6 Summary, Conclusion and Future Work

6.1 Summary and Conclusion
Successful ground-based (MFRSR and Cimel) and satellite (MODIS and Deep Blue)

measurements are used for monitoring and characterization of the aerosol in the atmosphere.
The optical and physical properties of aerosols were measured during various cloud free days
at UNR. The measurements were made by using MFRSR, Cimel and satellite results have
been presented in this dissertation. The observation periods include the major Rim fire smoke
period of summer 2013 (August-September), a dust storm in Reno on 24 April, 2013 and

some selected clear sky (May-October) days in Reno.

The AODs were determined from measurements with the MFRSR at various
wavelengths, and the Angstrdom coefficients (4E) were calculated. These results were
compared with 40ODs determined from a co-located Cimel sun photometer and satellite
measurements. During Rim fire of August 2013, the MFRSR and Cimel 4ODs derived at
different wavelengths were very large compared with the AODs found in other normal days.
The values of 40D at 500 nm remained larger than 1 during the most intense period of the
Rim fire event, and reached an extremely unusual maximum of 5 on 27 August. The AE
values increased up to 2.5 due to the smoke particles. During the dust storm in Reno on April
24, the AOD at 500 nm increased to 0.2 that was 10 times higher than that we had in clear
sky day (August 1, 2013). However the values of AE decreased to 0.2 due to dust in

atmosphere, which was lower than that we found in other clear sky days.

Our MFRSR AOD retrievals agree well with Cimel AOD retrievals but the satellite
aerosol retrievals are complicated by the fact that the upward radiance received by the

satellite is composed of light scattered by the surface as well as atmospheric constituents,
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such as molecules and particles. Accurate satellite determination of AOD requires separation
of radiation reflected by the surface from the total radiation (scattered from the surface and
atmospheric constituents). This procedure is very difficult over land because land surface
reflectances vary with location and time. The relative error between MFRSR and MODIS
(Terra and Aqua) dark-target AODs are found to be very high over Reno during the Rim fire
and dust storm. The MODIS Deep Blue retrieved product performs better for Reno; the
relative error between MFRSR and Deep Blue AODs are below 25% during the Rim fire and
dusty day. Thus one outcome of this dissertation is to point out continued need for

improvement of satellite retrievals of AOD.

The size distribution of aerosols is one of the most important parameters for
characterizing the behavior of aerosols. The bimodal algorithm was used for the volume size
distribution. The size distribution measurements showed that volume concentrations
increased significantly during the Rim fire. Aerosol concentrations derived from aerosol size
distributions showed that particle numbers were larger on smoky, rather than other normal
days, and had a narrower size distribution. Smoke particles drastically enhanced the volume
concentration of the fine mode (diameter less than 1 um) particles. Our measurements
showed that fine mode particles dominated over the coarse mode (diameter greater than
1 pm) particles by about 10:1 during the Rim fire. However, during the dust storm, the
volume size distribution of the fine mode concentration is constant, while the coarse fraction
changes significantly. The percentage of the coarse mode aerosols increased such that coarse
mode dominated over the fine mode by about 3:1 in April 24, 2013. In contrast, there is no

clear domination of either fine mode or coarse mode particles in the atmosphere during clear-
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sky days. The aerosol volume size distribution attained lower values for both fine and coarse

mode, due to low aerosol loading during clear sky days.

From the HYSPLIT backward trajectories, it was demonstrated that a southerly wind
brought the plumes of smoke, which originated at the California Rim fire toward Reno
during the August-September, 2013. The back trajectories of the dust storm on April 24, 2013

demonstrated that winds carried the dust from the Humboldt sink towards Reno.

The optical properties such as SSA4 and ASY were determined from the combination of
the aerosol size distribution retrieval and the Mie theory. A 2-stream radiation transfer model
was used to calculate the retrieved values of the diffuse, direct and total irradiances. It was
found that, the observed and retrieved values of the solar diffuse, direct and total irradiances
agree with each other during the Rim fire, dust storm, and clear sky days. The SS4s that we
retrieved from MFRSR and Cimel during the Rim fire were lower in comparison with the
desert dust storm. The SSA decreased with the wavelength due to the absorption of the
radiation by the small black carbon presence in the wild fire smoke. However, SS4 increased
with wavelength during the dust storm. This is because of significantly lower absorption of the

dust aerosols at longer wavelengths (675-1020 nm) compared to biomass burning aerosols.

We also compared the SSA calculations from the photoacoustic instrument (PA) and
MFRSR retrievals for smoky and clear sky days. The SSA obtained from the PA is more
representative for the ground level air sample while those obtained from MSRSR are
representative of the air above the instrument. It was interesting to note that the SSA values
from PA measurements and from the MFRSR retrievals were close to the same value during

the days of the Rim fire, suggesting that the smoke was well-mixed in the atmospheric
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boundary layer. However, on clear days, the SSA obtained from the MFRSR was
considerably higher than that from PA implying a very different optical nature of the air
close to the ground and the air above the surface.

It is notable that the 4SY decreased with wavelength at 415-870 nm for MFRSR and 440-
1020 nm for Cimel during our study (Rim fire, Dust storm and clear sky days). For smoke
particles, the higher values of ASY at shorter wavelength suggested that more forward scattering
by smoke aerosol that compared to longer wavelengths. The ASY of the dust was found to be
larger than the smoke suggests that dust particles were significantly larger than smoke particles.
The imaginary part of the R/ decreased with increase in wavelength for Rim fire, desert dust
storm and clear sky days as determined with both the MFRSR and Cimel. The higher R/
values at shorter wavelength were associated with larger absorption of solar radiation at that

wavelength range.

The aerosol properties such as AOD, SSA, ASY and surface albedo are all-important
input parameters for the measurement of the radiative forcing. It was found that during the
Rim fire, the radiative forcing at the top of the atmosphere (TOA) varied between
—38 W/m? to —65 W/m? suggesting a cooling effect due to scattering of solar radiation by
the high aerosol loading. The radiative forcing at TOA ranged between —0.45 W/m? to
—1.75 W/m? during clear sky day on August 1, 2013 and between —2.0 W/m? to
—4.5 W/m? during the dust storm on April 24, 2013. Agreement of the Cimel and MFRSR
retrieved aerosol properties builds confidence in radiative forcing calculations based on

experimental inputs.
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6.2 Future Work
This dissertation presents the determination of aerosol properties such as AOD, aerosol

particle size distribution, SSA, ASY and radiative forcing from the MFRSR, Cimel, and

satellite measurements. However, knowledge of aerosol interactions in the atmosphere still
remains fairly limited. As such, some suggestions for future work include:

e We can calculate the fine and coarse mode AOD values separately by using MFRSR data
(Alexandrov 2005), similar to the analysis done with the Cimel data.

e Deep Blue retrieval algorithms are providing useful information about aerosol properties
over bright-reflecting land surfaces (Hsu et al. 2013). However, retrieval algorithms for
the bright surfaces, such as the Great Basin need improvement. Better treatment of such
surface reflection need to be developed.

e The sensitivity of MFRSR retrievals to non-spherical particle scattering and absorption
could be studied, especially for the case of dust particles.

e The vertical distribution of aerosol over Reno needs to be known to better understand the
comparison of the in-situ and column measurements.

e Based on the single scattering approximation, we can estimate the phase function as a
function of the scattering angle by using MFRSR data (Wang and Min 2008).

e The SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer) multi-stream
accurate radiative transfer model (Ricchiazzi et al. 1998) could be used to calculate the

radiative forcing, instead of the 2-stream radiation transfer model (Liou, 2002).
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