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Abstract

A Rayleigh lidar has been operated at Chatanika, Alaska (65 °N, 147°W) since November 

1997. The lidar observations yield temperature and density measurements in the 

stratosphere and mesosphere (-40-80 km). This thesis presents a systematic engineering 

analysis of the retrieval methods used to determine both the temperature and density 

profiles as well as the density perturbations. Statistical and spectral analysis techniques 

are used to determine the total power in the density perturbations and estimate the power 

component due to geophysical variability and the power component due to instrumental 

noise. The power in the density perturbations is used to characterize the gravity-wave 

activity at this high-latitude site. Seventy-four nights of observation yielded 60 

observation periods of data of sufficient quality to estimate the rms amplitude of the 

relative density perturbation in the 40-50 km altitude region at 30 min resolution. For 

these observations the average rms amplitude has a value of 0.43%. Preliminary 

investigation of campaign measurements in the spring of 2003 indicates that higher 

values of rms wave amplitude are associated with the presence of mesospheric inversion 

layers.
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Chapter 1: Introduction

Section 1.1: The Middle Atmosphere

The atmosphere is usually described in terms of its temperature structure. The 

temperature profile for the atmosphere at Fairbanks, Alaska (65°N, 147°W) is shown in 

Figure 1.1 for midsummer (June 21, 2002) and midwinter (December 21, 2001) 

conditions. The temperature profiles in Figure 1.1 are taken from the MSISE-90 model 

of Hedin and co-workers [Hedin 1991]. Initially the atmosphere cools with altitude from 

the surface of the Earth to about 10 km. This lowest region is called the troposphere. 

Then at altitudes above 10 km the atmosphere warms with altitude up to about 50 km. 

This region is called the stratosphere. The atmosphere then cools with altitude up to 90 

or 100 km. This region is called the mesosphere. Finally above the mesosphere the 

atmosphere warms with altitude. This region is called the thermosphere. The 

stratosphere, mesosphere and lower thermosphere are collectively termed the middle 

atmosphere. The warming of the atmosphere in the stratosphere is due to absorption of 

ultraviolet solar radiation (—240-290 nm) by the ozone layer. The warming in the 

thermosphere is due to absorption of extreme ultraviolet radiation (< 100 nm) (see for 

example Wayne [1985]). As we would expect the temperature on surface of the Earth at 

this Northern Hemisphere site is warmer in June than December. In fact the summertime 

temperature profile is warmer than the wintertime profile up to about 70 km. The general 

temperature structure is well understood in terms of radiative transfer and solar 

absorption by ozone and the atmosphere is said to be in radiative equilibrium (see for 

example Brasseur and Solomon, [1984]; Andrews et al., [1987]). However, in the 

mesosphere from about 70 to 90 km the wintertime atmosphere is significantly warmer 

than the summertime atmosphere and is not in radiative equilibrium.

This departure from radiative equilibrium is understood to arise from wave effects 

in the atmosphere (see the recent tutorial article by Holton and Alexander [2000] and 

references therein). Gravity-waves are small-scale (i.e. horizontal wavelengths o f -100-



2

2 0 0

_  150 
£

-8 ioo

i ,

0
100  1 0 0 0  

T e m p e r a t u r e  ( K )

Figure 1.1: The temperature profile for the atmosphere at Fairbanks, Alaska (65°N, 
147°W). The data is taken from the MSISE-90 model of Hedin and coworkers [Hedin, 
1991]. The summer data (dotted and dashed line) is for midnight on June 21, 2002. The 
winter data (solid) is for midnight on December 21, 2001. The shaded column shows the 
division of the atmosphere into the troposphere, stratosphere, mesosphere, and 
thermosphere.

M S I S E - 9 0



3

1000 km) waves that result from the balance of inertia and buoyancy forces. 

Gravity-waves are generated from small-scale disturbances (-100 km) in the atmosphere 

such as wind flow over mountains and storms. These waves propagate upward in the 

atmosphere, and then break and produce an acceleration of the zonal flow. The resulting 

forcing tends to decelerate the mean zonal flow in both the summer and winter 

hemisphere and gives rise to a pole-to-pole meridional circulation cell that has rising 

motion over the summer pole (resulting in cooling) and descending motion over the 

winter pole (resulting in warming). The summer cooling dominates over radiative 

heating and the summertime mesopause temperatures fall to -120 K. This is -100 K 

lower than expected from radiative forcing alone. Given the contribution of these small- 

scale waves to the large-scale circulation, the goal of observational gravity-wave studies 

has been to characterize the waves so that they can be parameterized in large-scale 

circulation models (see recent review by Fritts and Alexander [2003]). The mean square 

and root-mean-square amplitudes of the wave-induced fluctuation quantities (e.g. rms 

wind, rms temperature, rms density fluctuations) are used to quantify the energy or power 

in the wave fields. These quantities are widely used to quantify the gravity—wave activity 

in the middle atmosphere.

Section 1.2: Rayleigh Lidar

Studies of the middle atmosphere have been difficult due to limitations in 

instrumentation. Meteorological balloons reach altitudes of up to 30 km. Above 30 km 

the balloons pop which prevents measurements above this altitude. Radar systems can 

only make measurements up to about 30 km or above 60 km, due to the lack of scattering 

media (i.e. water molecules and electrons) in the middle atmosphere. Airglow 

measurements are confined to the naturally luminous layers above 80 km. Rockets 

provide intermittent measurements during campaign periods and are expensive. Satellites 

can only make measurements of regions far above the mesosphere. So, there is a region
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from about 30 km to 80 km where there are relatively few routine measurements being 

made.

Rayleigh lidar systems are so named as they use the Rayleigh scatter from air 

molecules [Lord Rayleigh, 1871]. Thus, in an atmosphere free of clouds and aerosols, 

the lidar signal is proportional to the density of the atmosphere. A lidar type approach 

involving a searchlight was first proposed in 1930 by Synge [Synge, 1930], In 1951, 

Elterman implemented one of the first Rayleigh lidar-type systems that could reach the 

stratosphere by using a searchlight to measure the stratospheric density distribution (10- 

70 km) [Elterman, 1951]. The first experimental Rayleigh lidar using a laser was 

demonstrated in 1970 [Kent and Wright, 1970]. A systematic approach was later 

developed by Hauchecome and coworkers, which showed improved accuracy over the 

earlier approach [Hauchecome and Chanin, 1987], Currently, Rayleigh lidars are widely 

used in studies of the middle atmosphere, particularly in the height range 30 km to 80 km, 

which is aerosol free. Long-term observations have been ongoing at the Observatoire de 

Haute Provence (OHP) in France (44°N, 6°E) and at the Jet Propulsion Laboratory (JPL) 

Table Mountain Facility (TMF) in the United States (34.4°N, 117.7°W) [LeBlanc, 1998], 

These observations have yielded studies of long-term trends as well as short-term waves 

and tides [e.g. LeBlanc et al., 1997]. A highlight of the OHP observations is the 

detection of a statistically significant long-term temperature trend in the stratosphere and 

mesosphere. Analysis of the data set has yielded a cooling of 0.4 K/year in the 

mesosphere and 0.1 K/year in the stratosphere over a 20-year period [Keckhut et al., 

1995], Short-term observations at Eureka, Canada (80°N, 86°W) have been made during 

winter and spring to study the thermal structure of the polar stratospheric vortex [Duck et 

al., 2000]. This study has yielded insights into the coupling between radiative and 

dynamic processes in the circulation of the middle atmosphere.

These Rayleigh lidar systems typically employ powerful Nd:YAG lasers that are 

technologically mature and can be maintained and operated in a routine fashion [e.g. 

Hecht, 1992], The receiver does not require wavelength tuning and so while daytime 

measurements require precise design (very narrow band pass filtering around 532 nm to
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avoid counting sunlight), nighttime measurements are straightforward. The only physical 

assumption concerning the method is that the atmosphere is in hydrostatic equilibrium, 

which is valid over the temporal (several hours) and spatial (several km) scales of the 

measurement [Chanin, 1984], The other successful lidar technique for measuring middle 

atmosphere temperature is the Na-resonance Doppler temperature lidar that uses the 

hyperfine structure of Na atoms in the mesopause region (80-100 km) to determine the 

wind and temperature [Bills et al., 1991]. Currently, Rayleigh lidar measurements remain 

the only viable ground-based technique for routinely measuring stratospheric and 

mesospheric temperature profiles.

Section 1.3: The CRL-Rayleigh Lidar at Poker Flat Research Range

The Communications Research Laboratory (CRL) of Tokyo, Japan installed a 

Rayleigh lidar (light detecting and ranging) system at Poker Flat Research Range 

(PFRR), Chatanika, Alaska (65° N, 147° W) in November 1997. The Rayleigh lidar was 

installed by staff from the CRL as part of a collaborative effort between the Geophysical 

Institute (GI) and the CRL [Mizutani et al., 2000; Cutler 2000], The Rayleigh lidar has 

been operated routinely since 1997 with a gap from January to August of 2001. From 

November 1997 to May 1999, the CRL-Rayleigh lidar operated in the Optics Facility at 

PFRR. From May 1999 to April 2000, it was operated in the Davis Science Center at 

PFRR. From August 2000 the lidar has operated at the new Lidar Research Laboratory at 

PFRR. In January 2001 the lidar receiver was upgraded to allow simultaneous and 

independent Rayleigh lidar measurements at 532 nm and resonance lidar measurements 

at 372 nm. Measurements are taken frequently during the fall, winter and spring months, 

but less frequently during the June and July due to the fact that PFRR is located near the 

Arctic Circle and does not experience astronomical darkness in summer. During fall, 

winter and spring the Rayleigh lidar observations have yielded measurements of the 

temperature profile from 40 to 80 km with 2 hour resolution sufficient to study the 

formation of mesospheric inversion layers [Cutler et al., 2001]. Observations in August
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have yielded measurements of noctilucent (or polar mesospheric) clouds [Collins et al., 

2003],

The current configuration of the CRL-Rayleigh lidar is given in Table 1.1. A 

detailed schematic diagram of the CRL-Rayleigh lidar system is given in Figure 1.2. 

The CRL-Rayleigh lidar transmitter consists of a laser, a laser beam expander (LBE), a 

beam steering mirror (BSM) and a laser pulse detector (LPD). The CRL system laser is 

an Nd:YAG Continuum® Powerlite 8000 laser which emits at a wavelength of 532 nm. 

The laser is typical Nd:YAG laser and has a Q-switched oscillator section followed by an 

amplifier, operating at 1064 nm and a second harmonic generator that generates the 

output light at 532 nm (for a standard description of Nd:YAG lasers see Silfvast [1996]). 

The laser beam created by Nd:YAG laser is expanded a factor of 10 by the laser beam 

expander. Then, the beam steering mirror reflects this beam upward into the sky. The 

alignment of the laser beam and the receiver telescope is maintained by examining the 

lidar echo from 60-65 km to ensure that the beam falls within the telescope Field-of-View 

(FOV) which is typically 1 mrad.

The CRL-Rayleigh receiver consists of a telescope, a beam splitter (BS), a 

interference filter (IF), a photomultiplier tube (PMT), a delay generator (DG), two high 

voltage power supply (HVPS), a pre-amplifier (PA) a multi-channel scalar (MCS) unit 

and a computer. The laser echo from the sky is collected by the Newtonian telescope. 

The backscattered photons are collected by the primary mirror (PM) and reflected to the 

secondary mirror (SM) toward the detector. The pinhole (PH) defines the telescope FOV 

by blocking light that enters the telescope at larger angles. After passing through the 

pinhole, the light is collimated by the collimating lens (CL). The beam splitter (BS) 

separates the incoming light into two wavelengths, 532 nm for Rayleigh lidar 

measurements and 372 nm for Resonance lidar measurements. The collimated 532 nm 

light passes through an interference filter (IF) to eliminate any light at other wavelengths. 

The bandwidth of the interference filter is 0.3 nm. The photons are focused by the 

focusing lens onto the optical detector, which is a photomultiplier tube (PMT). The PMT 

acts as a very high-gain high-sensitivity detector that converts single photons into
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Table 1.1: Specifications of CRL-Rayleigh Lidar System at PFRR

Transmitter

Laser

Model

Wavelength (Xj) 

Repetition Rate (RL) 

Pulse Energy (EL) 

Pulse width 

Line width 

Beam Expander 

Divergence 

Receiver

Telescope 

Diameter 

Range Resolution 

Optical Bandwidth 

Detector 

Model 

Preamplifier Gain 

Model 

Bandwidth 

Digital Recorder 

Model

Maximum Count Rate

Nd:YAG 

Continuum Powerlite 8020 

532 nm 

20 Hz 

460 mJ 

5-7 ns 

1.0 cm'1 

xlO 

0.45 mrad

Newtonian 

60 cm 

75 m 

0.3 nm 

Photomultiplier Tube 

Hamamatsu R3234-01 

x5

Stanford Research Systems SR445 

300 MHz 

Multichannel Scalar 

Ortec Turbo MCS T914 

150 MHz
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Figure 1.2: Schematic diagram of the CRL-Rayleigh lidar system at PFRR.

BS -  Beam Splitter 
CL -  Collimating Lens 
FL -  Focusing Lens 
IF -  Interference Filter 
LPD -  Laser Pause Detector 
PA -  Pre-Amplifier 
PH -  Pin Hole
PMT -  PhotoMultiplier Tube

BSM -  Beam Steering Mirror
DG -  Delay Generator
HVPS -  High Voltage Power Supply
LBE -  Laser Beam Expander
MCS -  Multi-Channel Scalar
PC -  Personal Computer
PM -  Primary Mirror
SM -  Secondary Mirror



9

electrical current pulses (for a standard description of PMTs see Skoog and Leary 

[1992]). The PMT is biased by a high voltage power supply (HVPS1) at -2000 V. A 

voltage of 200V is applied to the first dynode of the PMT by a high voltage power supply 

(HVPS2) to reduce the gain of the PMT for the first 150 ps after the laser fires. The laser 

Q-switch signal triggers delay generator (DG). The DG transmits a pulse of 150 ps 

duration (called a gate pulse) to the PMT. While the gate is applied to the PMT the first 

dynode is biased by 200V above its normal operating voltage and the gain of the PMT is

reduced by over a factor of 10 . The lidar echoes from altitudes below 22.5 km are 

detected at low gain while the higher altitude echoes are detected at the normal high gain. 

Thus the detector avoids being overloaded by low-altitude signals. The current signal 

from the PMT is amplified by the pre-amplifier (PA) and then is transmitted to the MCS 

unit. The MCS unit is a high-speed counter and counts the incoming PMT pulses in a 

given time window at rates of up to 150 MHz. By successively counting the pulses in a 

sequence of time windows (or range bins) the MCS forms a profile in time. The round 

trip time, t,is converted to altitude, z, using the speed of light, c, as z = x For a 75 

m resolution profile the time bins are 0.5 ps. Figure 1.3 shows the route of the 

transmitted and received lidar signals. The MCS typically records 4096 range bins and 

provides an echo profile from the ground to approximately 300 km. The next laser pulse 

triggers the MCS and this new echo profile is added coherently to the previous one. This 

process continues for a predetermined number of laser shots, typically 2000, and yields a 

single raw data profile. The personal computer (PC) continually queries the MCS unit. 

The MCS unit informs the PC when the data profile is ready and the data is transferred to 

the PC. The PC stores the profile and then initializes the MCS unit to begin a new profile 

on the next laser pulse.

Section 1.4: Scope of this Study

The goal of this study is to extend the work of Cutler and coworkers. Cutler et al., 

[2001] presented initial temperature measurements at PFRR and described the
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Altitude (km)

Figure 1.3: Propagation of transmitted laser beam and backscattered echoes as a function 
of time and altitude. The beam propagates at the speed of light (c = 3.0 x 10& m/s). The 
altitude resolution (Az = 75 m) is defined by the sampling resolution, (x = 500 ns) of the 
receiver.
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mesospheric inversion layers (MILs) that were observed. In this study we systematically 

examine the Rayleigh lidar inversion techniques to access possible biases in the retrievals 

of both temperature and density profiles as well as relative density fluctuations. We 

quantify the relative density fluctuations in terms of the mean square and root-mean- 

square amplitudes (i.e. the power and rms amplitudes of the fluctuations). We employ 

statistical as well as spectral analysis techniques to quantify the signal and noise power 

contributions to the total measured power in the relative density fluctuations.

Engineering analysis such as these is critical for determining the consistency and 

robustness of the lidar measurements. There is no independent measurement of 

temperature and density at PFRR to support calibration of the CRL-Rayleigh lidar. This 

situation is not unique to PFRR and posses a common challenge to lidar researchers. In 

this study we apply different retrieval methods to the lidar data and examine the 

differences in the estimated quantities (e.g. temperature, density, rms density). We deem 

the differences or biases to be significant if they are greater than the uncertainty in the 

estimates if the difference are less than the uncertainties then we conclude that they are 

insignificant.

This thesis is arranged as follows. In Chapter 2 we present how temperature and 

density profiles are calculated from the raw Rayleigh lidar data. We calculate the errors 

(or uncertainties) associated with the quantities as the quantities themselves. In Chapter 3 

we present a case study for temperature and density retrievals for the observation on the 

night of 14-15 November 1997 (All times in this thesis are given in Local Standard Time 

(LST) which equals Universal Time minus 9 hours (UT — 9 hr)). Specifically we 

determine which elements of the retrieval methods (e.g. differences in data filtering or 

smoothing, differences in background estimation, use of extinction corrections) introduce 

significant biases in the temperature and density estimates. In Chapter 4 we present how 

the relative density fluctuations are determined from the relative density profiles. In 

Chapter 5 we present a spectral analysis of the fluctuations and determine the power 

associated with the gravity-waves (the signal) and the power associated with the 

instrumental uncertainties (the noise). We also show how the estimate of wave power as
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a function of altitude changes when the signal power rather than the total (signal plus 

noise) power is calculated. In Chapter 6 we present a summary of observations over 74 

nights from PFRR. This is the first net of observations to characterize the gravity-wave 

activity in the stratosphere. Specifically we discuss how the observed activity varies as 

the temperature structure of the stratosphere and mesosphere changes. Finally we present 

our conclusions and suggestions for further work.
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Chapter 2: Relative Density, Temperature and Extinction

Section 2.1: Introduction

In this chapter we first present the lidar equation and how we obtain the raw lidar 

data using the Rayleigh lidar system. We then present how we calculate the relative 

density, relative density error, temperature and temperature error profiles from the raw 

lidar data.

Section 2.2: The Lidar Equation

The returned photon count signal is proportional to the density of the atmosphere. 

The expected photon count from an altitude range ) in a time interval At is

given by the lidar equation:

Calculations

N(z)  -  N s (z) + N B + N d , (2.1a)

where Ns(z) is the lidar signal count proportional to the atmospheric density:

(2.1b)

Nb is the background skylight count:

N b = tj[H NRLAtn(A@R/2 )2 )/(— )2A ,,hc
(2.1c)

c A
and Nd is the detector dark count:
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ND=(CNRLAt)(— ). (2-Id)

In the equations above, rj is the receiver efficiency, T is the one-way atmospheric 

transmission at the laser wavelength XR (m), El is the laser energy per pulse (J), Rl is the 

repetition rate of the laser (s'1), p(z)is the molecular number density at altitude (m'3),
R 2 •an (m ) is the effective backscatter cross section at XL, h is Planck’s constant (6.63x10 

J s), c is the speed of light (3.00x108 m/s), A t is the area of the telescope (m2), Hn is the 

background sky radiance (W/(m2xpmxsr)), A 0 R is the FOV of the receiver (rad), AX is 

the bandwidth of the detector (pm) and Cn is the dark count rate for the detector (s’1). No 

and Nb are expected to be constant with height and their sum can be determined from the 

signal at the highest altitudes (>100 km) where Ns(z) is negligible (see Hinkley [1976] for 

general discussion of the lidar equation and scattering cross sections). In these equations 

the lidar is assumed to be on the ground at sea level (i.e. 0 km altitude). For analysis of 

the lidar data at PFRR the lidar site altitude of 0.394 km is included.

A lidar photon count profile is plotted in Figure 2.1. This is a typical photon 

count profile received by Rayleigh lidar and represents the signal collected from 928,000 

laser pulses over approximately 13 hours on the night of December 20-21, 2002. The 

profile decays with altitude up to 90 km as the density of the atmosphere decreases. 

Above 90 km, the lidar signal is dominated by background light and detector dark signal. 

Below approximately 25 km, the lidar receiver is electronically gain-switched to avoid 

overloading the detector.

We use this data to illustrate the lidar equation. We consider the total photon 

count signal at six altitudes; 42.5 km, 62.5 km, 82.5 km, 102.5 km, 122.5 km, 152.5 km. 

We average the lidar signal over 1 km and 5 km ranges (e.g. from 40 to 45 km, from 42 

to 43 km). These signals are tabulated in Table 2.1. The signal at 152.5 km is dominated 

by background skylight and detector dark counts and represents the term ( ) in



15

Table 2.1: MSISE-90 Model

Altitude (km) Mass density (g/cm3) Temperature (K)
Molecular Number 

Density (nT')~

42.5 2.37xl0‘6 235.8 4.91xl022

62.5 1.46xl0‘7 240.6 3.04xl021

82.5 9.02xl0‘9 222.6 1.87xl020

102.5 3.89xlO"10 196.3 8.08xl018

122.5 1.63x10'" 413.2 3.17xl017

152.5 1.93xl0'12 734.8 4.00x1016

1. MSISE-90 Model is taken from website January 2003:

http://nssdc.gsfc.nasa.gov/space/model/models/msis.html 

http://nssdc.gsfc.nasa.gOv/space/model/models/msis_n.html#height 

with following parameters:

DATE: year = 2001 month = 1 2  day = 20, TIME: hour = O.OLT, Geographical latitude = 65.0 

Geographical longitude = 213.0

2. Calculated from MSISE-90 output assuming well-mixed dry air.

http://nssdc.gsfc.nasa.gov/space/model/models/msis.html
http://nssdc.gsfc.nasa.gOv/space/model/models/msis_n.html%23height
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Figure 2.1: Lidar photon count profile plotted against altitude. This is a typical photon 
count profile received by Rayleigh lidar and represents the signal collected from 928000 
laser pulses approximately 13 hours on the night of December 20-21, 2002. The profile 
decays with altitude up to 90 km as the density of the atmosphere decreases. Above 90 
km, the lidar signal is dominated by background light. Below approximately 25 km, the 
lidar receiver is electronically gain switched to avoid overloading the detector.
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Equation 2.1a. We choose p(z) from a model so that we can estimate in Equation 

2.1b. The model we use is the Extended Mass-Spectrometer-Incoherent-Scatter (MSISE- 

90) atmospheric model. MSISE-90 is an empirical model that incorporates observations 

of the atmosphere [Hedin, 1991]. Using the values from Tables 1.1 and 2.1 we determine

the value of t/T 2 at the three lowest altitudes. The values of t]T2 are given in Table 2.2.

The calculated value of r/T2 appears to be reasonable. The associated optical

transmission or efficiency for each of the receiver components in Figure 1.4 is tabulated 

in Table 2.3. From Table 2.3 the total efficiency of the detector system, t], is 0.06. From

Table 2.2 we have a value of t/T2 of 1 3 x 1 0 "4 . From these results we calculate that the 

atmospheric transmission, T, is 15 %. This value is not unreasonable, as the wintertime 

atmosphere often contains a variety of ice crystals that effectively scatter light and 

attenuate the laser beam. However, if we assume that the PMT quantum efficiency has 

degraded with age (a factor of 2 over 4 years), then we calculate that the atmospheric 

transmission of 21 %, which is more reasonable.

The photon counting process behaves like a Poisson random variable. The 

standard deviation of a Poisson random variable equals the mean of the variable [e.g. 

Papoulis, 1984], Thus the uncertainty in a given photon count measurement is given as:

AN5(z) = (A5(z) + AD + Afl)1/2. (2.2)

From Table 2.4 we see that the standard deviation of the sample approaches the square 

root of the average value as the altitude increases. This is what we expect, as at lower 

altitudes the sample standard deviation includes the variation of signal counts with 

altitude. At higher altitudes there are no signal counts and sample standard deviation 

represents the true Poisson standard deviation of the background and dark signal counts.

Consider a perfect detector (i.e. no dark counts) and an absolutely dark sky (i.e. 

no background counts) then N(z) = Ns (z)and ANs(z) = (z)l/2. The relative error is 

given by ANs(z)/Ns (z) = 1/Ns (z)J/2, and the signal-to-noise ratio (SNR), can be defined
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Table 2.2: Estimates of ijT2 for December 20-21, 2002

Altitude Resolution 5 km 1 km

Photon Counts at 42.5 km 1.Ox 10'3 1.0x10-3

Photon Counts at 62.5 km 1.3x10-3 1.2x10-3

Photon Counts at 82.5 km 1.9x10-3 1.9x10-3

Average 1 1.4x10-3 ±4.3x10'4  1.3x10-3 ± 3 .9 x l0 ’4

1. The sample standard deviation is calculated as ^ (see Papoulis, [1984] p i 78).

Table 2.3: Receiver Transmission Efficiency

Reflectance of primary mirror, RP 90%

Reflectance of secondary mirror, Rs 90%

Transmission of collimating lens, Tcl 95%

Transmission of beam splitter, TBS 90%

Transmission of interference filter, TIF 50%

Transmission of focusing lens, TFL 95%

Quantum efficiency of detector, QE 17%

Total receiver effect, r| 6%
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Table 2.4: Photon Count Signals for December 20-21, 2002

Number of Laser Shots 928000

Altitude Resolution 5km 1 km

Altitude (km)*
Photon

Counts

Average

Photon

Count

Standard

Deviation

Photon

Counts

Average

Photon

Count

Standard

Deviation

42.5 23817200 355481 102474 4809390 343528 21514

62.5 837608 12502 2847 159221 12248 593

82.5 43517 650 72 8382 645 27

102.5 25587 388 23 5400 386 24

152.5 25093 375 20 5087 363 15

1 Altitude at center o f  range. For 42.5 km with an altitude resolution o f  5 km the photon count signal is integrated over a 40 to 45 

km altitude range.
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as SNR = Ns(z) 2/ANs(z) 2 = Ng(z). For Ns(z) = 1 we have a 100% relative error and an 

SNR of 1. For N$(z) = 100 we have a 10% relative error and an SNR of 100. For a real 

detector and a bright sky, we may have (Nd+Nb)  =10 and Ns 1, then we have a relative 

error of 3.3/1 or 330% and an SNR of 1/11. Similarly when (Nd+Nb)  = 10 and = 

100, we have a relative error of 10.5/100 = 11% and an SNR of 10000/110 = 91. For a 

given observation the relative error decreases (and SNR increases) as Ns increases. Thus 

the quality of a lidar measurement can be increased by increasing the time interval or 

altitude range ( Az) over which it is made. This means we have a fundamental trade off 

between resolution and the quality of the lidar measurement.

Section 2.3: Acquisition of Raw Lidar Photon Count Data

As discussed in Chapter 1 the raw lidar data represents the coherent integration of 

multiple laser pulses that are acquired over a finite time interval (100 s). A sequence of 

several raw profiles (typically 8 or 16) acquired over about 13-26 min composes a data 

set. Each data set is stored to a unique file on the PC hard drive. Figure 2.2 shows a 

typical 8-profile set. The operator acquires the data sequentially, set by set. At the end of 

each set the operator may check or alter some operating parameters of the lidar system 

before proceeding with the acquisition of the next set. The set files are numbered 

sequentially through the observation period. For example on the night of December 20- 

21, 2003 the first file is called “DC20RY.001”. The “DC” denotes the month (i.e. 

December). The “20” denotes the day when the observation began, “RY” denotes that 

this is Rayleigh lidar data, and “001” is the set number. The month identification codes 

are given in Table 2.5. Each file is composed of a sequence of headers and data profiles. 

The time and date information is given in LST. The header information is tabulated in 

Table 2.6. While the raw data is obtained at high resolution (75m and 100s), the data can 

be subsequently integrated and/or filtered to yield the desired data quality (i.e. relative 

uncertainty) for further analysis. For example the data for the entire observation period 

may be integrated into a single profile, or a sequence of profiles at some defined
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Table 2.5: Month Code for Lidar Data Files

January February March April May June July August September October November December

JA FB MR AR MY JU JL AG SP OT NV DC

Table 2.6: Header Information for Lidar Data Files

4096 1 6

Number of

1 1 1200

The data number of this 

profile (4096 lines of data 

followed this header)

=1

Starting

at

ground

profiles in the 

current set. (In 

this file 

nvl4ry.001)

Current set Current 

ID profile ID

Number of 

shots in this 

profile

11 14 97 22.26111

Month -  November Day Year - 1997
LST of 

measurement

0.5 0.394 65 147

Altitude resolution, round-trip

return time (jus).
Lidar above mean see Latitude of Longitude of

° '5 /f ix 3 x l0 8" /  = 75 m 
2

level (km). PFRR (°). PFRR (°).



22

Set 1 1 0 / 1 2 / 0 2  DC10RY Shots 2000 Lat 65.00 Long 147.00

ofile Time Ray 6 0 -6 5 8 0 -8 5 120-1 2 5  Tot. Sig. Per Shot
1 21:35:30 8454 994 49 19 975 0.4
2 21:37:12 8423 1074 49 5 1069 0.5
3 21:38:53 8322 1036 52 12 1024 0.5
4 21:40:32 8426 1055 54 16 1039 0.5
5 21:42:14 8210 1045 37 20 1025 0.5
6 21:43:54 8295 999 38 11 988 0.4
7 21:45:34 8111 1031 51 12 1019 0.5
8 21:47:16 7998 1011 31 17 994 0.4

Figure 2.2: Real time display of lidar data acquisition. Photon count profiles are plotted 
sequentially as a function of altitude. In this example we show data on 10 December
2002 at PFRR, Chatanika, Alaska (65°N, 147°W). Each profile consists of 2000 laser 
shots accumulated every 100 seconds. The column “Ray” is the photon count signal at 
30 km. The columns “60-65”, “80-85” and “120-125” are the integrated photon counts 
over the corresponding altitude ranges. The column “Tot. Sig.” Is the total signal defined 
as the difference between the signal “60-65” and “120-125”. The column “Per Shot” is 
the total signal per laser shot.
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resolution (e.g. 60, 30 or 15 min). The process of converting irregularly sampled lidar 

data into a uniform sequence for analysis is shown in Figure 2.3. The lower resolution 

analysis yields more photon count signal per profile with less relative error. For a given 

data set the profiles can be integrated to the desired lower resolution. However, the 

highest resolution that the data can be processed at is determined by the resolution of the 

initial raw data profiles. In Figure 2.3 it is also clear that high-resolution analysis (e.g. 15 

min) may yield profiles with unequal amounts of signal and hence very variable data 

quality, which can compromise the subsequent analysis. We shall discuss this further in 

Chapter 6.

Section 2.4: Relative Density Calculation

From the lidar equation (Equation 2.1) the photon count signal is proportional to 

the atmospheric density. If we assume that the atmospheric transmission is constant with 

altitude (i.e. the laser pulse energy remains constant above a certain altitude), then the 

ratio of the photon count signal at two altitudes and is proportional to the ratio of 

the density at these altitudes scaled by the altitude squared:

(2.3)

Thus we can derive a relative density profile r(z, zq) from the raw lidar signal:

(2.4a)

N s (z0)
(2.4b)

N ( z ) - N b y  2 2

N(Zq)~ Ng Z q

(2.4c)
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time

Figure 2.3: Binning of unequally sampled lidar data to a uniform sampling sequence in 
time. The green blocks represent the sequence of lidar data. The gaps represent gaps in 
the data where the operator adjusts or monitors the system. Row (a) represents the 
integration of all of the lidar data for the observation into a single profile. Row (b) 
represents the integration of the data into four one-hour intervals. Row (c) represents the 
integration of the data into eight thirty-min intervals. Row (d) represents the integration 
of the data into sixteen fifteen-min intervals.
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The density profile is then normalized so that = 1. This relationship expresses one
of the most powerful aspects of the lidar method, namely that the ratio of lidar signals at 
different altitudes yields a measurement of relative density that is independent of 
instrument parameters.

The relative density profile for the night of December 20-21, 2002 is plotted in 
Figure 2.4. The MSISE-90 density profile is also plotted in Figure 2.4 for comparison for 
December 20-21, 2001. The MSISE-90 profile for December 2002 is not yet available at 
the time of writing this thesis. The profiles show similar behavior in the stratosphere and 
mesosphere. The atmospheric density decreases by a factor of 1000 over an increase in 
altitude of 50 km, indicating an approximate scale height of 7 km, which is expected in 
the stratosphere and mesosphere. There is a significant difference in the lidar and 
MSISE-90 relative density profiles near 65 km. This difference is being analyzed further.

Section 2.5: Relative Density Error Calculation

Equation 2.4c has the following form:

v U - VY =  x a  (2.5)
W - V  K }

where Y (= r(z ,z0) ), U ( =N(z )), V ( = N B) and W (=7V(z0)) are random variables and a 
(=z 2 jZq ) is a constant. The quantities U, V and W are independent and so following 
Bevington, [1969] we determine that the variances in the quantities are related as:

a 2 = dY
dU

x o y  + dY \2

ydVy
XCTy +

f  d Y ''2 
{ dW

xcr- (2.6)

Differentiation of Equation 2.5 yields:

dY _ a _ Y 
d U ~  W - V ~  U - V
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10'3 10'2 10’1 10° 

Relative Density

Figure 2.4: Relative density plotted as a function of altitude. The relative density profiles 
are normalized to 1 at 40 km. The solid curve is derived from the CRL-Rayleigh lidar 
measurement on the night of December 20-21, 2002. The dashed curve is from MSISE- 
90.
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dY
dV

a + a x  (U) Y Y + ■
W - V  (] w - v ) 2u - v  w - v

(2.8)

dY _ (i U-V ) _ Y
e w ~  ( w - v ) 2 * a ~

(2.9)

Thus the relative variance in Y is given by:

1 2 1 2■ x (Tr, +   — xcri +
Y 2 ( U - V ) 2 ( W - V )\ 2  W

1 1
■ +

( u - v ) 2 ( w - v ) 2 ( u - v ) x ( w - v )
x cr-

(2.10)

Recalling that U = N(z), V = Nband W = N(zo) are Poisson random variables, we have 
the variances in the random variables are equal to the expected values of the random 
variables (i.e. cr  ̂ = N(z) and cr̂ , =N (z 0)).  The value of is calculated as the
average over a number of range bins, ng, and so the variance in the average is given as, 
a l = N B/ nB• Accordingly we have the relative error variance in the relative density due 
to photon count statistics and background estimation:

A2r _  N ( z0) , Njz)+
N s (z0)2 N s(z)2

■ + 1 1
N s(z0Y  N s(z)2 )

N r
(2.11)

Clearly, if N s (z) -> 0 (i.e. N(z) —> Nb), the relative error increases, as the lidar signal is 
dominated by the background and dark signal components. The relative uncertainty or 
error is calculated after the photon count profile has first been smoothed with a running 
average filter of typical length of 2 km. The relative error profile is then calculated at 
statistically independent points that are separated by the smoothing length. Finally, the 
square of the error profile is linearly interpolated to yield an estimate of the error at all 
altitudes.
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Section 2.6: Temperature Calculation

Dry air can be modeled as a perfect gas in the stratosphere and mesosphere. This 
is a good approximation as there is very little water vapor and the air is essentially dry. 
The ideal gas equation may be used as the equation of state for dry air:

Where p  is the absolute pressure (N/m2), V is the volume (m3), n is the number of moles 
of gas in the volume V, R is the gas constant 8.314 (J/(molxK)), and T is the absolute 
temperature (K). Rearranging the ideal gas equation we can write it as:

where p n is the number density (mole/m3), p m is the mass density (kg/m3), is the 
mean molecular weight of air, Mfl(> = 0.029 kg/mole. We have assumed that dry air is a 
uniform mixture of gases (i.e. 0 2, N2, C 02, etc.).

In the atmosphere, air behaves like a stable stratified fluid and settles by weight. 
Thus we have a hydrostatic situation and the pressure in a gas varies with altitude as:

where g(z) is the acceleration of gravity (g(0) = 9.81m/s2), A is the change in pressure 
over an altitude change of Az. Integrating both sides of Equation 2.14 we get:

pV  = nRT (2.12)

p  = — RT  = p„RT = 
V (2.13)

Ap(z) = - p m(z) x g(z) x Az = (z) x x g ( z ) x Az (2.14)

(2.15)

From (2.13) we have:

p ( z \ )  = Pn(z \ ) xR*T(zx)  and p ( z 2)  = p n(z2) x R x T (z2)  . (2.16)
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Inserting (2.16) into (2.15) yields:

T ( z 2 )  =  r ( z , )  X f  x  g ( z )  x r f z .  ( 2 . 1 7 )

P»(«2) * ,J P„(Z2)

The first term requires that we know the value of the temperature at altitude z , . The 
second term is directly deduced from the lidar equation since from Equation 2.1:

p*(z) = Ns(z) ■
P n i z i )  Ws(z2) (2.18)

and so we have:

T ( z 2) = T ( z l ) x N sM .
N s i ^ y

M air }N S { z )

N
Hair f 

R J

\2

xg{z)xdz.  (2.19)

Since N s (z) decreases with z, as we integrate upwards the first term increases and any 
error in our original temperature estimate at z is magnified. Accordingly we integrate 
downward, rearranging Equation 2.19 to yield:

T { z x) = T { z 2) x N sM ,
* s(z i) '

M n
r  } N s (Zly

z \

f z ^  z \
X g(z)  X dz (2.20)

From the lidar equation (Equation 2.1), we know that the lidar profile is a discrete series 
of values separated by Az :

r(z,.) = r ( z „ ) x ^ ^ x  
Ps{zi)

Z;

\ Z n J

M n n-l
Ns(zk) zI

R  h N s( z .) \ zk j
x g ( z k ) x A z  (2.21)
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where z, = zo + ix Az, and z0 is the lowest altitude of the lidar profile (typically 35 or 40
km). The lowest altitude is chosen to be above where aerosols may exist in the lower 
stratosphere. If aerosols are present they will increase the lidar signal through the 
scattering and invalidate the Rayleigh lidar retrieval, as the photon count is no longer 
proportional to the molecular density and Equation 2.3 will be invalid and the subsequent 
temperature retrieval is inaccurate.

An example of a temperature measurement is shown in Figure 2.5. In Figure 2.5 
we plot the lidar temperature profile with associated one-sigma error and MSISE-90 
temperature profile. The lidar data was obtained on the night of 20-21 December 2002. 
The MSISE-90 data was obtained at the MSISE-90 website 
(http://nssdc.gsfc.nasa.gov/space/model/models/msis.html) for local midnight on the 
night of 20-21 December 2001. The December 2002 was not available at the time of 
writing; however, we do not expect it to differ significantly from the 2001 data. The lidar 
profiles are plotted for retrievals that use different initial (or seed) altitudes (60 km, 70 
km, 80 km, and 90 km). All the retrievals show a stratopause temperature maximum near 
50 km that is significantly warmer than the MSISE-90 stratopause. The errors in the 
retrievals with lower seed altitudes is due to the effect of the 25 K error assumed in the 
seed temperature that propagates to the temperature estimates at lower altitudes. The 
pronounced temperature minimum near 70 km, that is evident in the retrievals with seed 
altitudes of 80 km and 90 km arises due to the relative density feature measured near 70 
km (Figure 2.4).

Section 2.7: Temperature Error Calculation

The calculation of the temperature uncertainty (or error) is carried out using the 
same propagation of errors technique used to determine the error in the relative density 
profile. The error is first calculated at independent altitude points and then interpolated 
to yield an error at all altitudes. An error of 25K is assumed in the MSISE-90 
temperature used as the seed temperature at the upper boundary.

http://nssdc.gsfc.nasa.gov/space/model/models/msis.html
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180 200 220 240 260 280 180 200 220 240 260 280
Temperature (K) Temperature (K)
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Temperature (K) Temperature (K)

Figure 2.5: Rayleigh lidar temperature profiles with one-sigma uncertainties for the night 
of December 20-21, 2002. The MSISE-90 temperature is for local midnight on 
December 20-21, 2001 and plotted as a dashed curve. See text for details.
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Section 2.8: Extinction Calculation

The change in intensity of a propagating beam of light is given by the classic 
Beer-Lambert law [e.g. Sears, 1965]:

A /(z ) /  \
— - n [ z ) x a Rx Az (2.22)
7(z)

where I(z) is the intensity of light incident at altitude z (W/m2), Al(z) is the change in 
intensity after the light reaches altitude z,- + Az , n(z) is the number density of scattering

3 • 2molecules (m‘ ), and <jR is the Rayleigh scattering cross section (m ). For a laser pulse 
traveling upwards, the pulse looses photons due to scattering and the relationship 
between the numbers of photons, 0(z), in the pulse at altitude z/ and can be given by:

®(z2) = ® ( z , (2. 23)

Thus we can define the transmission of the pulse between altitude zq and an upper altitude
z as:

r„(z,z0) = - 2 W = e- H ^ - ^  (2.24)

Clearly T r ( z o ,  z o )  -  1, and T r (z ,z+ L )  decreases with altitude z, as decreases with 
altitude. Furthermore, T r (z u z 2)  =  Tr(zj,z0) /  T r ( z 2, We calculate as a 
function of z for Rayleigh scattering in the MSISE-90 atmosphere of midnight 20-21 
December 2001. We assume a starting altitude of 35 km (i.e. z0 = 35 km). We plot the 
resulting transmission profile in Figure 2.6. From Figure 2.6 we see that 99.879% of the 
laser pulse energy propagates from 35 to 60 km, while 99.877 % of the laser pulse energy 
propagates up to 75 km. Above 75 km we find that the transmission remains constant at 
99.877% and the change in transmission is less than one-part in ten-to-the-five. The 
effect of this transmission is to reduce the incident flux of photons at higher altitudes and
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Figure 2.6: Optical transmission, TR(z, 35 km). The transmission is calculated using the 
MSISE-90 model atmosphere at a wavelength of 532 nm.
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hence reduce the lidar signal. Thus our estimate of the relative density is lower than the 
expected value for an optically thin atmosphere. We compare the effect of lidar retrievals 
where we attempt to compensate for extinction loses in Equation 2.3 as follows:

A,(z2) = ^ s ( z2 ) .. y (Zl>Zo ) . 
P n ( Zl ) N s ( Zl)

f \ 2z,
VZ2/

(2.25)

The application of a transmission correction to the lidar data requires the use of a 
standard model (e.g. MSISE-90) to effectively correct the lidar data at all altitudes. 
Application of the extinction correction serves to make the lidar retrieval dependent on an 
external model at all altitudes rather than at just the initial or seed altitude.
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Chapter 3: Case Study of Relative Density, Temperature and 

Extinction Calculations

Section 3.1: Introduction

We examine the effects of different processing parameters on the lidar 
temperature and density retrievals. We consider the following effects;

(a) smoothing (or spatial filtering) of photon count profile
(b) estimation of background noise
(c) correction for extinction.

We smooth (or spatially filter) the photon count profile in order to obtain more robust 
estimates of the density profile (and hence the temperature profile). The smoothing 
reduces the noise fluctuations by averaging the counts over several altitude range bins. 
Averaging n range bins reduces the standard deviation in the counts by n 1/2. We compare 
the use of different altitude ranges to compute the background and dark counts. Large 
low altitude signals can yield unstable behavior in the detector where the detector gain 
varies with altitude and the high altitude counts are not constant with altitude. We 
compare the application of an extinction correction that requires an MSISE-90-based 
correction to the data at all altitudes and applying no such correction. We have three 
choices for (a);

1. no smoothing,
2. applying a linear running average (linear smoothing),
3. applying a running average to the logarithm of the photon count profile 

(exponential smoothing).
We have two choices for (b);

1. estimating the background signal over the altitude range 122.5— 127.5 km,
2. estimating the background signal over the altitude range 222.5—227.5 km,

We have two choices for (c);
1. correcting for extinction
2. not correcting for extinction.

Accordingly we have carried out twelve distinct retrievals using the lidar measurements 
from 14-15 November 1997. The observations on the night of 14-15 November 1997
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began at 22:16 LST and ended at 05:05 LST, yielding 270 individual lidar profiles. The 
raw data profiles were acquired over a 60 s period and represent the integrated echo from 
1200 laser pulses. We integrate the photon count profile for the whole period and 
determine the average temperature and relative density profiles for the observation. We 
also determine the error profile for the temperature and relative density profile. The 
retrievals are tabulated in Table 3.1. For the first retrieval the temperature (T), 
temperature error (E), density (D), and density error (C) files are called 971114RT.TOT, 
971114RE.TOT, 971114RD.TOT, and 971114RC.TOT respectively. Subsequent 
retrievals are numbered RTx, TEx, RDx, and RCx where x ranges in hexadecimal from 1 
to B (1110).

Finally we carry out the procedure twice for two altitude ranges, 35-80 km and 
40-80 km. The calculation over both altitude ranges allows us to assess if there is 
possible pulse pile up at the lower altitudes which would yield a lower than expected 
photon count signal. Pulse pile up occurs when the incoming flux of photons is faster 
than can be counted by the multichannel scalar, which has a maximum count rate of 150 
MHz. Count rates higher than 150 MHz are biased and counted as lower values, yielding 
an estimate of the relative density that is artificially lower than the actual density.

As we discussed in Chapter 1, we do not have an absolute and independent 
verification of the lidar measurements. Our goal is to develop internally consistent 
processing methods. We consider the biases that different processing choices introduce 
in the retrievals relative to the errors in those retrievals. Consider processing the same 
lidar data differently; using procedure 1 to yield temperature profile T/(z), and using 
procedure 2 to yield temperature profile T2(z). The bias in the retrievals is defined 
as:

b ,2(z) = | T,(z) -T 2(z) \  (3.1)

The uncertainty or error in the retrievals is determined from Chapter 2 as ATi(z) and 
AT2(z). The bias is considered significant if it is greater than the error in the retrievals:

b ,2(z) > AT,,2(z) (3.2)

Section 3.2: Smoothing (or Spatial Filtering)

We first compare the effect of spatially filtering (or smoothing) the raw photon 
count profiles on the temperature retrievals, by comparing the Rx (unsmoothed), Rx4
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Table 3.1: Comparison of Retrieval Parameters for Lidar Data

Retrieval Parameters

Smoothing Background Extinction 
Scheme * Signal Correction^ 

Altitude (km)

Temperature

File Names^

Temperature Density 
Error

Density
Error

1 222.5-227.5 N T E D C

1 222.5-227.5 Y T1 El D1 Cl

1 122.5-127.5 N T2 E2 D2 C2

1 122.5-127.5 Y T3 E3 D3 C3

2 222.5-227.5 N T4 E4 D4 C4

2 222.5-227.5 Y T5 E5 D5 C5

2 122.5-127.5 N T6 E6 D6 C6

2 122.5-127.5 Y T7 E7 D7 C7

3 222.5-227.5 N T8 E8 D8 C8

3 222.5-227.5 Y T9 E9 D9 C9

3 122.5-127.5 N TA EA DA CA

3 122.5-127.5 Y TB EB DB CB

1. Scheme 1 is no smoothing o f raw photon count data. Scheme 2 is linear smoothing o f raw photon count data (i.e. running

average). Scheme 3 is linear smoothing o f logarithm o f photon counts.

2. N indicates that no correction is applied to raw photon count data. Y implies that a correction based on Rayleigh scatter

and the MSISE-90 density profile is applied to the raw photon count data.

3. File names are denote 971114RT.TOT, 971114RT1 .TOT... etc. for the temperature retrievals. ‘REx’ denotes temperature

error, ‘RDx’ denotes density and ‘RCx’ denotes density error.
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(linear smoothed), and Rx8 (exponential smoothed) retrievals. In Figure 3.1 we plot the 
temperature retrievals, the associated errors and the differences between the retrievals for 
the 35-80 km-altitude range. As expected, the errors associated with the smoothed 
retrieval (T4 and T8) are less than for the unsmoothed retrieval (T). For comparison we 
smooth the temperature difference profile (T-Tx) once the retrieval is done for ease of 
comparison (T-Tx-Sm). The smoothed retrieval yields errors of a factor 5.2 less than the 
unsmoothed retrieval, as the running average is over 2 km (or 27 range bins). This agrees 
with what we expect for taking the average of 27 independent random variables, which 
yields a variance in the average that is a factor of 27 smaller than the variance in the 
original random variables. What we find is that there appears to be a bias at the higher 
altitudes between the smoothed and unsmoothed retrievals. This bias reflects the fact that 
the low signal levels at altitudes above 80 km cause the signal component to appear zero 
or negative. However, we note that the differences in the retrieval methods are less than 
the photon counting uncertainties in the data (Figure 3.2). Thus we conclude that the 
choice of filtering algorithm does not yield significant biases in the temperature retrieval. 
The retrieval over the 40-80 km altitude range yields identical results.

In Figure 3.3 we plot the density retrievals, the associated photon count 
uncertainties, and the differences between the retrievals. The differences between the 
two smoothed retrievals (D4 and D8) are less than 0.5% of the density measurement. In 
Figure 3.4 we plot the same information as Figure 3.3 except for the 40 to 80 km altitude 
range. Again the results are similar except that the estimated photon count uncertainties 
(C, C4, C8) are larger. This is expected since the density profile is normalized by the 
photon count signal at the lowest altitude (35 km or 40 km). Since the signal decreases 
and the associated uncertainty increases with altitude, the normalization by lower 
amplitude signals from higher altitudes (i.e. 40 km rather than 35 km) yields larger errors 
or uncertainties for the 40 km normalization than the 35 km normalization. In Figure 3.5 
we see that the differences in smoothing retrievals yield differences in the density 
retrievals that are greater than the associated photon count uncertainties at some altitudes. 
These differences are less than 0.5% of the relative density value below 55 km, and are 
less than the uncertainty due to photon counting statistics above 55 km. We expect 
differences of this magnitude. For a density profile that decays exponentially with 
altitude the expected lidar photon count profile yields a larger signal using linear 
smoothing than using logarithmic smoothing. For example linear smoothing of an 
exponential curve with scale height of 6 km over 2 km yields a bias of 0.5% while
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Figure 3.1: Effect of smoothing (or spatial filtering) method on temperature retrievals. 
The temperature retrievals have been carried out from 35 to 80 km, with a seed 
temperature at 80 km. Top: Temperature plotted as function of altitude for three
smoothing schemes; no smoothing (T), linear smoothing over 2 km (T4), logarithmic 
smoothing over 2 km (T8). Lower left: Estimated photon counting error or uncertainty 
associated with each retrieval. Lower right: Comparison of difference in retrievals. The 
difference profile has been smoothed for illustration (T4-T-Sm).
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Figure 3.2: Comparison of photon counting error with differences in temperature due to 
smoothing methods. Top: Photon counting error in unsmoothed retrieval (E) and
difference between unsmoothed retrieval (T) and the smoothed retrieval (T4). The 
difference profile has been smoothed for illustration (T4-T-Sm). Bottom: Photon
counting error in smoothed retrieval (E4) and difference between linear smoothed 
retrieval (T4) and the logarithmically smoothed retrieval (T8).
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14 November 1997

£

■o

14 November 1997 14 November 1997

10
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Figure 3.3: Effect of smoothing (or spatial filtering) method on relative density retrievals 
(35 -  80 km). The relative density retrievals have been carried out from 35 to 80 km. 
Top: Relative density plotted as function of altitude for three smoothing schemes; no 
smoothing (D), linear smoothing over 2 km (D4), logarithmic smoothing over 2 km (D8). 
Lower left: Estimated photon counting error or uncertainty associated with each retrieval. 
Lower right: Comparison of difference in retrievals. The difference profile has been 
smoothed for illustration (D4-D-Sm)
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Figure 3.4: Effect of smoothing (or spatial filtering) method on relative density retrievals 
(40 -  80 km). The relative density retrievals have been carried out from 40 to 80 km. 
Top: Relative density plotted as function of altitude for three smoothing schemes; no 
smoothing (D), linear smoothing over 2 km (D4), logarithmic smoothing over 2 km (D8). 
Lower left: Estimated photon counting error or uncertainty associated with each retrieval. 
Lower right: Comparison of difference in retrievals. The difference profile has been 
smoothed for illustration (D4-D-Sm).
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14 November 1997 14 November 1997

14 November 1997 14 November 1997

Figure 3.5: Comparison of photon counting error with differences in relative density due 
to smoothing methods. Top left: Photon counting error in unsmoothed retrieval (C) and 
difference between unsmoothed retrieval (D) and the smoothed retrieval (D4) for 35 to 80 
km retrieval. Top right: Same as top left for 40 to 80 km retrieval. The difference has 
been smoothed for illustration (D4-D-Sm). Bottom left: Photon counting error in
smoothed retrieval (C4) and difference between linear smoothed retrieval (D4) and the 
logarithmically smoothed retrieval (D8) for 35 to 80 km retrieval. Bottom right: Same as 
bottom left for 40 to 80 km retrieval.
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logarithmic smoothing yields no bias. The linear smoothing biases the result to the larger 
values at the lower end of the running average window. Both density retrievals are 
independently normalized to unity at the lowest altitude, which yields zero difference at 
that altitude.

Section 3.3: Extinction

We now consider the effect of the extinction correction on the retrieval of 
temperature and density. We compare the Rx4 (extinction not corrected) and Rx5 
(extinction corrected) retrievals where we linearly smooth the data and calculate the 
background signal of the upper altitude range (222.5-227.5 km). In Figure 3.6 we plot 
the temperature retrievals, the associated photon count uncertainties, and the differences 
between the retrievals. The differences between the corrected (T5) and uncorrected (T4) 
retrievals are less than the photon count uncertainties in the signals (Figure 3.7). The fact 
that the differences are greatest at the lower altitudes reflects the fact that the atmospheric 
transmission varies most with altitude at the lower altitudes where the atmosphere is 
denser (Figure 2.6). The retrievals over the 40-80 km altitude range yield identical 
results. We conclude that the correction for extinction yields an insignificant change in 
the temperature retrievals.

In Figure 3.8 we plot the density retrievals, the associated photon count 
uncertainties, and the difference between the retrievals. Again we find that the difference 
in the retrievals is less than the uncertainties due to the photon count process (Figure 3.9). 
As expected from the transmission function (Figure 2.6) the difference in the density 
retrievals is a maximum at the lowest altitudes and decreases with altitude. However, the 
difference curve has a maximum at 40 km and not at the lowest altitude 35 km. This 
local maximum is a result of the fact that both density retrievals are independently 
normalized to unity at 35 km which guarantees zero difference at 35 km. Thus the 
difference is set to zero at 35 km and initially grows with the extinction effect before 
decaying with altitude above 40 km as expected. The retrievals over the 40-80 km 
altitude range have identical results. We see that for the 35-80 km altitude range retrieval 
the difference in the retrievals is similar in magnitude to the photon counting uncertainty 
up to 50 km and is less than 0.5% of the density value. At higher altitudes the difference 
is significantly less than the photon counting uncertainty.
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Figure 3.6: Effect of extinction correction on temperature retrievals. The temperature 
retrievals have been carried out from 35 to 80 km, with a seed temperature at 80 km. Top: 
Temperature plotted as function of altitude for no extinction correction (T4) and 
extinction correction (T5). Lower left: Estimated photon counting error or uncertainty 
associated with each retrieval. Lower right: Comparison of difference in retrievals. The 
difference profile has been smoothed for illustration (T5-T4-Sm).
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Figure 3.7: Comparison of error and differences in temperature retrievals due to 
extinction correction. The temperature retrievals have been carried out from 35 to 80 km. 
The difference profile has been smoothed for illustration (T5-T4-Sm).
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14 November 1997

14 November 1997 14 November 1997

Figure 3.8: Effect of extinction correction on relative density retrievals. The relative 
density retrievals have been carried out from 35 to 80 km. Top: Relative density plotted 
as function of altitude for no extinction correction (D4) and extinction correction (D5). 
Lower left: Estimated photon counting error or uncertainty associated with each retrieval. 
Lower right: Comparison of difference in retrievals. The difference profile has been 
smoothed for illustration (D5-D4-Sm).
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14 November 1997 14 November 1997

Figure 3.9: Comparison of error and differences in relative density retrievals due to 
extinction correction. The relative density retrievals have been carried out from 35 to 80 
and from 40 to 80 km. The difference profile has been smoothed for illustration (D5-D4- 
S m ).
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Section 3.4: Background Signal

We finally consider the effect of different background signal estimates on the 

retrieval of density and temperature. We compare the Rx4 (noise calculated at 225 km) 

and Rx6 (noise calculated at 125 km) retrievals where we linearly smooth the data and do 

not correct for extinction. In Figure 3.10 we plot the temperature retrievals, the 

associated photon counting uncertainties, and the differences between the retrievals. The 

differences between the temperature retrieval with the high altitude background signal 

estimate (T4) and the low altitude background estimate (T6) are less than the photon 

count uncertainties (Figure 3.11). The retrievals over the 40-80 km altitude range yield 

identical results.

In Figure 3.12 we plot the density retrievals, the associated photon count 

uncertainties, and the difference in the retrievals. As expected the difference in the 

retrievals grows with altitude as the difference in the background estimate approaches the 

magnitude of the atmospheric signal component in the ideal signal. However, the 

difference in the density retrieval remains less than the photon count uncertainty (Figure 

3.13). The retrievals for the 40-80 km altitude range yield identical results as the 

retrievals for the 35-80 km.

Section 3.5: Case Study Conclusion

This case study highlights that the only significant difference introduced as a bias 

in the data processing is due to the choice of spatial smoothing of the raw photon counts 

(i.e. linear or logarithmic). The differences are not significant in the temperature 

retrievals (Figure 3.2) but are in the relative density retrievals (Figure 3.5). We conclude 

that the raw photon count data should be smoothed logarithmically. The application of a 

correction for extinction does not yield a significant change to the temperature or density 

retrievals (Figures 3.7 and 3.8). The choice of altitude for background signal estimation
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T em pera tu re  (K)
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Figure 3.10: Effect of background estimation method on temperature retrievals. The 
temperature retrievals have been carried out from 35 to 80 km, with a seed temperature at 
80 km. Top: Temperature plotted as function of altitude for two background estimation 
schemes; background estimated at 125 km (T4), background estimated at 225 km (T6). 
Lower left: Estimated photon counting error or uncertainty associated with each retrieval. 
Lower right: Comparison of difference in retrievals.
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Figure 3.11: Comparison of photon counting error with differences in temperature due to 
background estimation methods. Left: Photon counting error in retrieval using 125 km 
estimate (E4) and difference between 125 km retrieval (T4) and the 225 km retrieval (T6). 
The difference profile has been smoothed for illustration (T6-T4-Sm). Right: Same as 
left for retrieval over 40 to 80 km altitude range.
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14 November 1997

14 November 1997 14 November 1997

Figure 3.12: Effect of background estimation method on relative density retrievals. The 
relative retrievals have been carried out from 35 to 80 km. Top: Relative density plotted 
as function of altitude for two background estimation schemes; background estimated at 
125 km (D4), background estimated at 225 km (D6). Lower left: Estimated photon 
counting error or uncertainty associated with each retrieval. Lower right: Comparison of 
difference in retrievals.
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14 November 1997

14 November 1997

Figure 3.13: Comparison of photon counting error with differences in relative density due 
to background estimation methods. Left: Photon counting error in 125 km retrieval (C4) 
and difference between 225 km retrieval (D6) and the 125 km retrieval (D4). The 
difference profile has been smoothed for illustration (D6-D4-Sm). Right: Same as left 
for 40 to 80 km retrieval.
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does not yield a significant change to the temperature or relative density retrievals 

(Figures 3.11 and 3.13).

It is important to note that the retrieval is based on integrating all the raw lidar 

data from one night of observations to yield a single density and temperature profile. The 

errors due to photon counting statistics increase as the data is integrated over shorter time 

intervals. Thus the biases due to different smoothing methods, extinction correction, and 

background signal estimation become relatively less significant as we consider shorter 

observation intervals.

The determination of the significance of errors (or uncertainties) in the data 

retrievals is crucial for determining the significance of geophysical variability in the data. 

Biases due to retrieval methods will change how the variability is quantified. This is 

particularly important in studies of wave-mean flow interaction in the middle atmosphere. 

In these studies changes in the variability (e.g. the wave-induced temperature or density 

variance) are correlated with changes in the mean state (e.g. the mean temperature 

profile, the presence or absence of noctilucent clouds) to infer how wave-mean flow 

interactions occur in the middle atmosphere.



55

Chapter 4: Relative Density Perturbations

Section 4.1: Introduction

In this chapter we present how we calculate the relative density perturbations. 

The relative density perturbation, r(z,t),  is defined as the ratio of the difference between 

the perturbed density p(z,  t) and the unperturbed (or background) density (z) and the 

background density:

The relative density perturbations are caused by gravity-waves in the atmosphere [Hines, 

1961], To calculate the relative density perturbations we must first calculate the 

background density profile. We consider three methods of calculating the background 

profile:

(a) the average density profile

(b) a mathematical fit to the average density profile

(c) a fit that is derived from the average temperature profile under the assumption

To illustrate the retrieval we use data from the night of 7-8 March 2002, which yield the 

temperature and density profiles at a resolution of 60-min. The photon count data is 

exponentially smoothed at 2 km, the background is calculated at 225km and the photon 

counts are corrected for extinction.

Section 4.2: Background Density: Average

The average density profile is determined by averaging the individual profiles:

of hydrostatic equilibrium

(4.2)
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Where n is the number of the profiles that are made during the observation period (e.g. 

11). We plot P avgin upper panel of Figure 4.1.

Section 4.3: Background Density: Polynomial Fit

We perform a weighted least-square polynomial fit to the natural logarithm of the 

average density Pavg-

■"tan® ) —* - > /  <4-3>
We then correct the fit using the smoothed (the smoothing width is 6 km) difference 

between f and In (P avg):

y  +smooth(a\a&pirn)-/) ) y  ^  ^

Finally we use natural exponential function to get the polynomial fit density p FIT :

f - ^ P m  (4-5)
We plot p FIT in the middle panel of Figure 4.1.

Section 4.4: Background Density: Hydrostatic Equilibrium Spline Fit

The average temperature profile is calculated from the total photon count profile 

for the whole observation period. We then linearly smooth the temperature profile at 6 

km. We sample the smoothed profile at 6 km to generate a cubic spline fit to the 

temperature profile:

T(z) Sample every 6km) T(z) splitte ) T(z) (4 6)

We calculate the density from the temperature under the assumption of hydrostatic 

equilibrium. The density and temperature is the function of altitude, so we can write 

Equation 2.13 as:
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7 - 8 March, 2002

7 - 8  March,2002

7 - 8  March,2002

Figure 4.1: Background relative densities plotted as a function of altitude. Top: average 
density profile. Middle: mathematical fit to the average density profile. Bottom: a fit 
that is derived from the average temperature profile under the assumption of hydrostatic 
equilibrium.
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(4.7)

Ap(£) = Ap Az ) x R xx R x T ( z )  + ^ ^ - x p n( z )xR (4.8)
Az Az Az

Ap(z) = A/?w (z)x R x T(z )  + AT(z)x p n ( z )xR

= k p m (z) xT(z)x- A -  + AJ(z) X p m (z) X (4.9)

= Apm (z) X r(z )  X 5gc + AT(z) X p m (z) X

Where Sgc is a specific gas constant (see Table A1.3). From Equation 2.14 and Equation

4.9 we have:

Where, g(z)  is the gravitational constant scaled by height, (Equation A l.ll) .  The 

hydrostatic equilibrium density is calculated as:

The initial density is taken from MSISE-90 at 40 km. We plot p HSE in the bottom panel 

of Figure 4.1.

Section 4.5: Comparison of the Background Densities

Figure 4.2 shows the percentage difference between the three background 

densities. The percentage difference between the average density and the polynomial fit 

density has approximately a wavelength of 6 km. This is because when we calculate the 

polynomial fit density we correct the fit of In using the smoothed difference

between f and \n(pAVG),and the smoothing width is 6 km. The percentage difference 

between the average density and the hydrostatic equilibrium density also has

Pm(z)x g{z)x kz = A p m(z)xT (z )x  Sgc + A x p m(z) x Sgc

= >  A  Pn,(z )  =  —  ■ 1 c  x  (p m (z )  X g(z)  Az +  p m (z) X s gc)  ^4 ‘ 1 0 )
1 U)X

Pm ( Zk) = Pm (Z*-l ) + A/9m (z4_, ) 1, 2, •••) (4.11)
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7 - 8 March, 2002

Background Density (AVG - FIT)/AVG

7 - 8 March, 2002

Background Density (AVG - HSE)/AVG

7 - 8 March, 2002

Background Density (FIT  - H5E)/FIT

Figure 4.2: Difference in background density profiles plotted as a function of altitude. 
Top: Relative difference between average and polynomial fit. Middle: Relative 
difference between average and hydrostatic fit. Bottom: Relative difference between 
polynomial fit and hydrostatic fit.
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approximately a wavelength of 6 km. This is because the temperature used in the spline 

fit of equilibrium polynomial calculation is sampled every 6 km from the temperature 

profile. The percentage difference between the polynomial fit density and the hydrostatic 

equilibrium density is very small, less than 0.6%. All the differences increase with 

increasing altitude.

Section 4.6: Relative Density Perturbations

The individual relative density perturbation profile is shown in Figure 4.3 (profile 

at 2200 LST). The left three panels are unfiltered perturbations; the right three panels are 

filtered perturbations (filter width is 2 km). We can see that the perturbations increases 

with altitude and the right three perturbations have a ripple of 2 km, this ripple is because 

we filtered the perturbation by 2 km, and is an example of the Gibbs phenomenon [Gibbs, 

1899],

A contour plot of the relative density perturbations is given in Figure 4.4. The 

perturbations for all three background-estimation methods are similar. The magnitude of 

the perturbations grows with altitude. The contours are aligned horizontally with some 

downward slope from left to right. This downward phase progression is consistent with 

upwardly propagating gravity-waves, which have downward phase progressions [Hines, 

I960]. The downward phase progressions are not clearly observed in the contour plot of 

the 15 and 30-min data.

Section 4.7: rms Amplitude the Relative Density Perturbations

We characterize the gravity-wave activity in terms of the rms amplitude of the 

density perturbations. The rms amplitude gives a measure of the power of the wave- 

induced perturbations. To accurately determine the rms amplitude of the density 

perturbation we must remove any bias effects from long-period (period greater than
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Figure 4.3: Relative density perturbation profile plotted as a function of altitude. Left: 
We use unsmoothed density, unfiltered perturbations. Right: We use unsmoothed density 
and filtered perturbations (filter width is 2 km).
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7 - 8  M a r c h ,  2 0 0 2  Average

Time (LST)

7 - 8  M a r c h ,  2 0 0 2  Polynomial Fit

Time (LST)

7 - 8  M a r c h ,  2 0 0 2  Hydrostatic equilibrium

Time (LST)

Figure 4.4: Contour plot of the relative density perturbations plotted against time and 
altitude.
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observation period) and long-wavelength (wavelength greater than altitude range) waves. 

We determine the mean perturbation at each altitude

where n] is the number of points in the altitude range of interest. We determine the mean 

of the perturbation at each time tt:

To determine the evolution of the density perturbations over the 40 to 80 km altitude 

region, we calculate the rms amplitude of the density perturbations over successive 10 km 

intervals. The results are shown in Table 4.1. We find that the calculated rms amplitude 

does not vary significant with choice of background density profile. We find that the rms 

amplitude increases with altitude. We expect the rms amplitude to grow exponentially 

with altitude. The reason for this is conservation of wave energy. The atmospheric 

density decreases exponentially with altitude as we have seen in Chapter 2 and earlier 

chapter. If the energy of the oscillation wave parcel is to remain constant then the power 

or mean square of the perturbations should increases exponentially as the density of the 

parcel decreases. In an atmosphere at constant temperature the density decrease

r. (4.12)*1 n

(4.13)

We then form the perturbation or wave component:

r \ t i , z J )  = r(ti , Z j ) - r 2i 

The power or mean square of the density perturbation Pr is then calculated as:

(4.14)

P _ j - 1 V / (4.15)
nx x n2

The rms amplitude, r ^  is then calculated as:

(4.15)
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Table 4.1: Altitude Variation of Perturbations

Altitude Range (km)
Average

RMS Amplitude (%) 

Polynomial Fit Hydrostatic Equilibrium

40-50 0.56 0.56 0.56

50-60 1.0 1.0 1.0

60-70 2.0 2.0 2.0

70-80 2.7 2.7 2.7

40-80 2.0 2.0 2.0

1. We use smoothed photon count data but do not filter the perturbations.
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exponentially with a scale height of 6 km, we would expect the power to grow 

exponentially every 6 km and the rms amplitude to grow exponentially every 12 km.

The results of the calculations are shown in Figure 4.5. We find that the MS 

square perturbations grow exponentially with height having a scale height of 9.4 km for a 

background atmosphere represented by the average, a scale height of 9.4 km for a 

background atmosphere represented by the exponential fit, and a scale height of 9.5 km 

for a background atmosphere represented by the hydrostatic equilibrium fit. Thus there is 

no significant difference in the results based on the choice of background profile.
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Chapter 5: Estimation of Noise Contribution to Relative 

Density Perturbations

Section 5.1: Introduction

In the Chapter 4 we calculated the total power in the density perturbations without 

consideration of the noise component. The perturbation power in Chapter 4 will be an 

overestimate of the actual density perturbation power due to atmospheric gravity-waves. 

In this chapter we show how spectral analysis can be used to calculate the noise 

component of the total perturbation power. We then subtract this noise component from 

the total perturbation to yield the corrected perturbation power. We consider how this 

correction changes our view of the geophysical quantities.

Section 5.2: Spectral Analysis of Photon Count Signal

The power spectrum of a signal in the time (or space) domain is the distribution of 

power in frequency or wavenumber [Sonwalkar, 2001]. In Figures 5.1 through 5.5 (see 

Table 5.1 for summary) we plot the photon count spectrum of lidar photon count profiles. 

We have taken data from the night of 7-8 March 2002. We consider profiles that have 

been integrated over a variety of times (i.e. 60, 30, 10 and 5 min) and spectra calculated 

over a variety of altitude ranges (40-80, 40-50, 50-60, 60-70, 70-80 km). The spectra are 

plotted in dB with the zero-wavenumber (or DC) value normalized to 0 dB. For 

illustration purposes the spectra have been smoothed with an 11-point running average. 

The five points at the lowest and highest wavenumbers are not smoothed and omitted 

from the plots. The spectra are plotted for wavenumbers from 0 to the Nyquist 

wavenumber of 6.67 km'1 (= l/(2x 0.075) km'1) corresponding to the altitude sampling 

resolution of 0.075 km (Table 1.1).

Examination of the spectra reveals a typical spectral shape. Each spectrum 

decays from a maximum at zero-wavenumber and approaches a flat, uniform or white
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Table 5.1: Photon Count Spectrum

Duration (min) 60 30 10 5

Shots 72,000 36,000 12,000 6,000

Altitude Range (km) NFLR(dB) SNRT NFLR(dB) SNRT NFLR(dB) SNRT NFLR(dB) SNRT

40-80 -43.0 134 -42.8 128 -42.6 122 -42.9 131

40-50 -41.2 126 -41 121 -40.9 117 -41.2 126

50-60 -42 141 -42 144 -40.6 102 -40.3 97

60-70 -41 112 -40.6 102 -39.2 74 -38.2 58

70-80 -39.2 78 -37.5 52 -34.2 25 -32 15

1. The photon count data is from March 7th, 2002.
2. It is the summary o f Figure 5.1 to Figure 5.5 on the noise floor and SNRT.
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distribution at the highest wavenumber. From Chapter 2 we know that the photon count 

at each altitude can be considered as the sum of a deterministic component given by the 

lidar equation (Equation 2.1) as the expected photon count and a noise component with 

rms amplitude given by the statistics of the counting process (Equation 2.2). The 

expected photon count profile follows an approximate exponential decay with altitude 

and therefore has a base-band spectrum. The noise component is independent at each 

range bin or altitude level and has a white spectrum with equal power at all wavenumbers 

[Sonwalkar, 2001], Thus we interpret Figures 5.1 through 5.5 as the superposition of a 

deterministic base-band spectrum (the signal component) and a statistical white noise 

spectrum (the noise component). The spectrum is calculated using the periodogram 

method [Koopmans, 1974], The periodogram estimates the spectrum as the square of the 

magnitude of the Fast Fourier Transform (FFT).

In Figures 5.2 through 5.5 we find that the amplitude of the white spectrum 

increases relative to that of the DC value as the altitude interval increases in altitude. We 

characterize the amplitude of the noise spectrum by the average value of the white noise 

spectrum over the high wavenumber range. We call this average the noise floor N Fl r :

^  6 . 6 7  km~]
N  FLR  = —  X (5-1)

n  m= 5 . 5  km '1

where S(m) is the photoncount spectrum, which we assume is dominated by the white 

noise component at wavenumbers greater than 5.5 km'1.

Considering the 5-min data we find that the noise floor decreases from -32 dB to 

-41 dB as the altitude interval decreases from 70 -  80 km to 40 -  50 km. This is 

expected from the statistics of the photon counts. The 70 -  80 km interval has a factor of 

-100 less photoncounts than the 40-50 km interval (Figure 2.1). Thus the overall Poisson 

mean square uncertainty in the higher altitude interval should be a factor 100 times 

higher. The DC value of the spectrum is the square of the total photon count over the 

altitude interval. Thus the noise floor normalized to a 0 dB DC value, should be 20 dB 

larger at 70-80 km than at 40-50 km. The change of 9 dB is less than expected. The
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reason for this is that as we increase the total photon count in the interval the 

deterministic component of the spectrum extends to higher wavenumbers and the noise 

floor N flr  includes contributions from that spectrum resulting in an overestimate. This is 

evident in the fact that going from 70-80 km to 60-70 km the noise floor decreases by 6 

dB (a factor of 4 in 10 km) as expected. However the floor decreases by only another 2 

dB at 50-60 km and by only another 1 dB at 40-50 km.

This effect is more evident as we consider integrating the photon count over 

larger time intervals. In Figure 5.1 we see that the noise floor for 60-min data is the same 

as the 5-min data when we expect it to be a factor of 12 less. The width of the 

deterministic spectrum prevents accurate estimation of the noise floor, it shows that as the 

photon count signal increases the deterministic component of the spectrum extends to 

higher wavenumbers and allows as to resolve smaller spatial scale features in the profiles. 

This illustrates the fundamental trade off between spatial and temporal resolution in the 

data.

The total noise power is the spectrum given by integrating the noise floor over the 

whole wavenumber range (m T = 6.67 km'1). The total power (signal plus noise) in the 

spectrum is given by integrating the whole spectrum over the whole wavenumber range 

(IT). The noise power (NT) of the measure is N FLR x mT . The signal power (St)  of the 

measurement is I T -  N  FLR x mT . Thus the SNR over the total wavenumber range 

is given as:

SNRT = - ^  = I t ~ N flr * mT (5.2)
N t N flr x mT

We can see from Figure 5.1, the SNRT for the 60-min resolution data is less than the 

SNRT of 5-min resolution data. This is because when we estimate the noise floor, we use 

the wave number range from 5.5 km'1 to 6.67 km'1. This high wavenumber range 

includes some signal for the 60-min data, however but not for the 5-min data. If we 

consider the noise from the first contact between the curve and the noise floor, SNRT for 

the 60-min data is 141 (5.9 km'1 to 6.67 km'1), while, the SNRT for the 5-min data is 131
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(4.34 km'1 to 6.67 km'1). We see the same effect when we examine the altitude range 50- 

60 km between 60-min data and 30-min data.

Section 5.3: Spectral Analysis of Relative Density Perturbations

From the previous section we see that the Rayleigh lidar yields robust ( >

10) photoncount profiles at resolutions of 5-min for altitudes up to 80 km. From Figure 

5.5 we see that the deterministic component of the spectrum is greater then 3 dB above 

the noise floor for wavenumbers up to 1 km'1. Thus we conclude that the system yields 

photon count profiles at 5 min and 1 km resolution up to 80 km. The density profile is 

proportional to the photoncount profile and so we expect the quality of the density 

measurements to be similar.

However, from Chapter 4 we know that the relative density perturbations are 2% 

or less of the density profile. Thus we expect the quality of the perturbation measurement 

to be significantly lower than the density measurement. We plot the spectra of the 

background density and the average spectrum of the relative density perturbations in 

Figure 5.6. The background density spectra are normalized to 0 dB at 0 km'1. The 

spectra show that the signal components are visible to the highest wavenumber. This is 

what we expect as the background spectrum for 7-8 March 2002 represents over 10 hours 

of observations. The spectra are estimated for all three background-estimation methods. 

The noise floor in all cases is less than -  45 dB with SNRT of greater than 175. The 

corresponding average spectrum of the perturbations is plotted on the right of Figure 5.6. 

These spectra are calculated by averaging the spectra of the individual relative density 

perturbation profiles. The profiles are neither smoothed nor filtered. The 60 min profile 

at 2200 LST has been shown earlier in Figure 4.3. The perturbation spectra are 

normalized so that the integral of the spectrum yields the average power in the 

perturbations. Again we see a spectrum with a base-band signal component and a white 

noise component. As the perturbation signal represents a small component of the lidar 

signal we find the SNR for the perturbation spectra of -0.16 to be much smaller than the
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density perturbations. We use the unfiltered density data binned at 60-min with the 
altitude range: 40-80 km
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photon count spectra. The perturbation spectra for each retrieval method are similar with 

minor differences between them (Figure 5.7).

We now consider the perturbations over distinct altitude ranges 40-50, 50-60, 60- 

70 and 70-80 km. Perturbation spectra are plotted on Figures 5.8 through 5.10. The SNR 

decreases from just less than 1 for 40-50 km to 0.1 at 70-80 km. We can improve the 

SNR by spatially low-pass filtering the data. Filtering the data at a cutoff wavenumber, 

mc, eliminates all spectral components (and the associated power) at wavenumbers 

greater than mc. The SNR of the filtered data, ( ), is now given by:

SNRC = - ^ -  = k . 7 N ™ xm c (53)
N cN f l r  x  m c

where Ic is the integral of the spectrum up to the cutoff wavenumber mc. Examining 

Figures 5.8 through 5.10, we see why SNRC will be greater than SNRT (i.e. filtering 

improves the quality of the data). For the perturbations in the 40-50 km altitude range the 

signal component is band limited to wavenumbers less than 0.5 km'1. At 0.5 km'1 the 

spectrum drops close to the noise floor and there are no signal components at higher 

wavenumbers. Thus m T  = 6.67/0.5 m c = 13.33 x m c , and we can write Equation 5.2 as:

S - N f.r x13.33x/m
SNRT =  ^ ^  (5.4)

N flr x 13.33 xm c

and we can write Equation 5.3 as:

SNRC = -  -N flr -mc (5.4) 
N  flr x mc

since S, NFLr and mc are all positive, SNRC>SNRT. In Table 5.2 and Table 5.3 we

tabulate the SNRs for the filtered and unfiltered data. We find that the values of SNRC

are 4 to 10 times greater than the values of SNRT.

Using the estimated SNRs we can compare how the total power, signal power, 

and noise power estimates vary with altitude. We calculate the power components for 

unfiltered perturbations using SNRT (Figure 5.11). We calculate the power components 

perturbations from smoothed density profiles using SNRC (Figure 5.12). As expected for 

the unfiltered data the power is dominated by the noise component. The noise power
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Table 5.2: Density Perturbation for Unsmoothed Density Profiles

Background

Density

Altitude

Range
SNRT

total rms 

amplitude

(%)

signal rms 

amplitude

(%)

noise rms 

amplitude

(%)

40-80 0.156 6.1 2.2 5.6

40-50 0.964 1.1 0.74 0.76
Average 50-60 0.325 2.2 1.1 1.9

60-70 0.104 4.7 1.4 4.4

70-80 0.120 11 3.5 10

40-80 0.153 6.1 2.2 5.7

Polynomial 40-50 0.966 1.1 0.74 0.76

Fit 50-60 0.325 2.2 1.1 1.9

60-70 0.104 4.7 1.4 4.4

70-80 0.117 11 3.5 10

40-80 0.156 6.0 2.2 5.6

Hydrostatic 40-50 0.966 1.1 0.74 0.76

Equilibrium 50-60 0.325 2.1 1.1 1.9

60-70 0.104 4.7 1.4 4.4

70-80 0.119 11 3.5 10

1. We use the unsmoothed density data binned at 60 min (March 7th, 2002) and we do not filter the perturbations.

Total rms
2. The rms signal is calculated as: o l g f l C l l rms =  — -

t  + Y s n r t
Total rms

3. The rms noise is calculated as: N o i s e  =  —■—
rms V I T s n
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Table 5.3: Density Perturbation for Smoothed Density Profiles

Background

Density

Altitude

Range
SNRC

total rms 

amplitude

(%)

signal rms 

amplitude

(%)

noise rms 

amplitude

(%)

40-80 1.41 2.0 1.5 1.3

40-50 9.88 0.56 0.53 0.17
Average 50-60 4.58 1.0 0.94 0.44

60-70 2.40 2.0 1.7 1.1

70-80 0.676 2.7 1.7 2.1

40-80 1.40 2.0 1.5 1.3

Polynomial 40-50 9.89 0.56 0.53 0.17

Fit 50-60 4.59 1.0 0.94 0.44

60-70 2.40 2.0 1.7 1.1

70-80 0.667 2.7 1.7 2.1

40-80 1.42 2.0 1.5 1.3

Hydrostatic 40-50 9.90 0.56 0.53 0.17

Equilibrium 50-60 4.59 1.0 0.93 0.44

60-70 2.40 2.0 1.7 1.1

70-80 0.677 2.7 1.7 2.1

1. We use the smoothed density data (March l 'k, 2002) and we do not filter the perturbations to get the total rms amplitude.
2. The SNRC is calculated from unfiltered density data and unfiltered perturbation (Same as Table 5.2)
3. The rms signal and noise calculation is the same as in Table 5.2, using SNRC.
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86

80 , . ■ , 

7 0

7-8 March 2002

~a 60

50

40

1 1 1 ! . . .  j . . .  |1 i i i 1

- i —

—i—i—r—i—j

: 
\

/V
r,Ji.....

:d

' . . , i

Average B 
Smoothed

........ U n filte rec
Scale Hei;

—i_i_i_1_i_i.i—

ackgroui 
Density 

d P e rtu r 
ght: 9.3

1_i_i—i—

id

b a tio n --
km

i . . . ‘

£
'—/ 
■a

0 2 4  6 8

To ta l Power (%2)

7 -8  March 200 2
80 i—i—i——i—[' -i ■ i—i—i—

7 0

60

50

40

10

U :

Average Background 
Smoothed D ensity 
U n filte re d  P e rtu rba tion " 
Scale Height: 12.2 km

i- i  . ■ i . . i . i ■ i  » » i . i  . i i .»- l
0 1 2  3 4 !

Signal Power (S %2)

7 -8  March 2002
SO —i—i—i—i—j—i—i—i—i—|—i—i—i—i—|—i—i—i—i—|—t—i—!—r—

70

I  60

50

40

Average Background 
Smoothed D ensity

 U n filte re d  P e rtu rb a tio n ---
Scale Height: 5.9 km

-J—I I 1 I I I 1_J I I I l_ l I I I I I E—I 1—L
0 1 2  3 4  5

Noise Power (N %2)

Figure 5.12: Perturbation power plotted as a function of altitude (smoothed density, 
unfiltered perturbation). The perturbation power is calculated over 10 km intervals (dot 
and dashed line) and plotted at the center of that interval. The solid curve is an 
exponential fit to the data.



87

grows more rapidly with altitude (scale height = 5.8 km) than the signal power (scale 

height = 10 km). The total power gives the erroneous result that the wave power grows 

exponentially every 6.5 km. For the smoothed data the noise power also grows more 

rapidly with altitude (scale height = 5.9 km) than the signal power (scale height = 12.2 

km). The total power gives the erroneous result that the wave power grows exponentially 

every 9.3 km, though less rapidly than for the unfiltered case. From this analysis we 

conclude that the gravity-waved power grows with a scale height of 12.2 km on the night 

of 7-8 March 2002. This example shows that accurate estimate of the signal power in the 

perturbations is critical for characterizing wave activity from the lidar data.
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Chapter 6: Gravity-Wave Activity at Chatanika, Alaska 

Section 6.1: Introduction

The CRL-Rayleigh lidar has been operated at Poker Flat Research Range, 

Chatanika, Alaska (65°N, 147°W) on an ongoing basis since November 1997. These 

lidar operations have yielded 74 sets of observations of sufficient quality to determine the 

temperature and density profiles from 40 to 80 km at resolutions of 15, 30 and 60 min. 

The observations have been over the six-year period made in fall, winter and spring 

between August 14 and April 25. The observation intervals range between 4 and 16 

hours with an average of 8 hours. We use this data set to characterize the wave activity 

in the 40-50 km altitude region in terms of the rms amplitude of the density perturbations.

Section 6.2: Methodology

We use the using the techniques described in Chapter 2 to calculate the density 

profiles at 60, 30 and 15 min resolution. The photon count profiles are smoothed 

exponentially over a 2 km window. The background and dark counts are estimated at 

from the lidar signal at 225 km. The photon counts are corrected for extinction. We use 

the using the techniques described in Chapter 4 and 5 to calculate relative density 

perturbations. The background density profile is calculated using the mathematical 

fitting approach: a third-order polynomial is fitted to the log of the average density 

profile. The residual is smoothed at 6 km and added to the polynomial fit. The relative 

density perturbation profiles are then calculated. The perturbation data is spatially band- 

limited between vertical wavenumbers 0.5 km’1 (corresponding to a wavelength of 2 km) 

and 0.1 km’1 corresponding to a wavelength 10 km). The data is temporally band-limited 

by the Nyquist frequency (corresponding to periods of double the sampling time (i.e. 2 h, 

1 h and 0.5 h)) and a low frequency of 0.25 h’1 (corresponding to a period of 4 h). The 

low frequency band limit is chosen to prevent varying contributions from long-period
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waves and tides to the perturbation power due to variations in the observation length. 

The signal power, S, is then calculated as the mean-square over altitude and time of the 

perturbations. To estimate the noise contributions to the perturbation power the photon 

count data is processed with no smoothing. The density perturbations are then calculated 

and not filtered. The average wavenumber spectrum of the density perturbations is then 

calculated and used to determine the average noise floor level, NFLR. The noise power is

calculated as:

N  = NfLR x m c x  0.45 (6.1)

where mc = 2n/2.0 km'1. The factor of 0.45 is included due to the filtering of the photon

counts by the transfer function of the 2km smoothing. The transfer function of the 2 km 

smoothing is a sine function with the first null at a wavenumber of 2nl2.0 km'1. The 

signal-to-noise ratio, SNR, is calculated as:

SNR = S/N (6.2)

The uncertainty in the noise floor level is calculated as the uncertainty in the 

sample mean, A rFLR.The uncertainty in the estimate of the noise power is then calculated

as:

4 N  =  ( A N f u / N f lJ x N  (6.3)

The uncertainty (or variability) in the average signal power is calculated in two steps. 

The signal power, Z}, is calculated for each perturbation profile from the wavenumber 

spectrum of the unsmoothed and unfiltered data. The uncertainty in the average signal 

power, Z, is then calculated from the sample standard deviation, AZ. The uncertainty in

the average power, S, is then calculated as:

AS = Sx(AZ/Z). (6.4)
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Thus we term AN as the uncertainty in S due to instrumental or measurement noise, and 

AS as the uncertainty in S due to geophysical variability.

Finally all perturbation quantities are reported in terms of rms amplitudes:

rrms = (S)1/2 xlOO (6.5a)

ArrmsG = 0.5 x  (AS/S)x r rms (6.5b)

Avyfyi§N 0.5 x  ( AN/S)x  r rms(6.5c)

Section 6.3: Observations

We first consider the SNR of the 60 min data we find that the SNR is greater than 

1 for the smoothed and filtered data in 64 of the 74 observation periods (Table 6.1). The 

average SNR for the 60 min data over these 64 nights is 8.9 with a median value of 6.6. 

For the 30 min data the SNR is greater than 1 on 60 nights. The average value of the 

SNR on these 55 nights is 34.1 with a median value of 2.9. Finally for the 15 min data 

the SNR is greater than 1 on 40 nights. The average value of the SNR on these 38 nights 

is 2.7 with a median value of 2.2. The sharp decrease in the number of days of good data 

quality for the 15 min resolution data is a direct consequence of the binning of the raw 

lidar data into 15 min profiles as discussed in Chapter 2. We also consider the ratio of 

the noise floor values for these different temporal resolutions (Table 6.2). The ratio of 

the spectral noise floors for the 60 min to 30 min data is on average 0.5. The ratio of the 

spectral noise floors for the 30 min to 15 min data is on average 0.5. The ratio of the 

spectral noise floors for the 60 min to 15 min data is on average 0.2. The factors of 2 in 

SNR and 0.5 in noise floor for changes in temporal resolution by a factor of 2 are as 

expected. When we halve the sampling frequency of the measurements we halve the 

bandwidth of the signal and so we halve the noise power and the noise level in the 

wavenumber spectrum. While the SNR and noise floor values scale with the temporal 

resolution of the measurement the large drop in number of days with SNR > 1 in going
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Table 6.1: Signal-to-Noise Ratio of Gravity-Wave Activity Measurements

Data Resolution (min) Number of Days where SNR>1 Average of SNR

60 64 8.9

30 60 4.1

15 40 2.7

Table 6.2: Ratio of Noise Floor Estimates for Different Measurement Resolution

NFLR60/NFLR 30 0.5

n Fl r 3°/ n f l r  15 0.5

n FLR6 0 /n FLR 15 0.2

1. NflrX denotes the noise floor for profiles with a resolution of X min.
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from 30 to 15 min (from 60 to 40) suggests the 15 min retrievals are not robust. Thus we 

report the results of analyzing the data at 30 min resolution.

The SNR for the 60 observations is plotted as a function of day in Figure 6.1. The 

maximum value is 16.5 on the night of 5-6 March 2003. The minimum value is 1.0 on 

the night of February 15-16 2003. The measured rms amplitudes of the relative density 

perturbations, r ^ g ,  are plotted as a function of day in Figure 6.2. The upper panel shows

the measured values with the error bars indicating the geophysical variability, ArrmsG. 

The lower panel shows the measured values with the error bars indicating the 

measurement uncertainty, ArrmsN. The rms density perturbations range from 0.21% to

1.0 %with a mean value of 0.43% and a standard deviation of 0.17 %. The rms 

geophysical uncertainties are 0.092 % while the rms measurement uncertainties are 

0.0065%. The ratio of these uncertainties, ArrmsG/ArrmsN  is plotted in Figure 6.3. The

average value of the ratio is 20. This indicates that the uncertainties in the observations 

are dominated by geophysical variability and not measurement uncertainty.

In January and February 2003 an intensive campaign of lidar measurements was 

conducted at Poker Flat Research Range. Observations were made on most clear nights. 

The campaign yielded 14 nights of observations where the SNR was greater than 1 for 

the 30 min resolution data. The rms density perturbations vary between 0.21 % and 0.82 

% (Figure 6.4). These values are consistent with the values reported by Gerrard et al., 

[1998] for rms amplitudes averaged over the 30 to 50 km altitude range at Kangerlusuaq 

Greenland (67° N, 51° W). The high value on 14-15 January (0.65%) is associated with 

large change in the temperature profile that may be due to a synoptic scale movement of 

stratospheric air masses the lidar site (Figure 6.5). The high value on the night of 17-18 

February (0.82 %) is measured on a night when there is a mesospheric inversion layer 

(MIL) observed near 60 km (Figure 6.5). One theory of MIL formation requires that 

upwardly propagating gravity-waves be available to interact with tidal modes. The 

presence of a higher rms density perturbation is consistent with this theory. Earlier lidar 

studies of MILs at this site suggests that energetic gravity-waves are required to form 

these layers as the tides are weak at this high latitude location [Cutler, 2001]. However,
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Day (0 = January 1)

Figure 6.1: Signal to noise ratio of power measurements for density perturbations plotted 
as a function of day number. The data is shown for 60 days where the SNR is greater 
than 1.
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Figure 6.5: Sequence of temperature profiles plotted as a function of altitude. Each 
profile represents the lidar measurement integrated over an hour. Top: On the night of 
14-15 January 2003 the first profile is at 1900 LST and the last profile is at 0800 LST. 
Bottom: On the night of 17-18 February 2003 the first profile is at 2000 LST and the last 
profile is at 0600 LST.
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mesospheric inversion layers are observed on the nights of 22-23 January and 25-26 

January and 19-20 January (Figure 6.6) when the rms perturbations are lower (0.47, 0.46 

and 0.59 % respectively) but still above the average value of 0.42 %.

While we can only speculate about possible causes and effects between the 

observed temperature structure and the rms density perturbations, these speculations 

highlight the challenges in studying possible wave induced changes to the background or 

mean structure of the middle atmosphere. A more thorough study would require using 

regional analysis to study the large-scale structure of the stratosphere and mesosphere 

over synoptic scales [e.g. Duck et al., 1998; Gerrard et al., 2002]. Such a study is beyond 

the scope of this thesis.
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Figure 6.6: Sequence of temperature profiles plotted as a function of altitude. Each 
profile represents the lidar measurement integrated over an hour. Top: On the night of 
22-23 January 2003 the first profile is at 2100 LST and the last profile is at 0400 LST. 
Middle: On the night of 25-26 January 2003 the first profile is at 2200 LST and the last 
profile is at 0800 LST. Bottom: On the night of 19-20 February 2003 the first profile is 
at 0200 LST and the last profile is at 0600 LST.
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Chapter 7: Conclusions and Further Work

In this study we analyzed biases and noise effects in the retrievals temperature, 

density, and density fluctuations from Rayleigh lidar measurements.

We find that the only significant difference in the density profiles as a bias in the 

data processing is due to the choice of spatial smoothing of the raw photon counts (i.e. 

linear or logarithmic). The differences are not significant in the temperature retrievals 

(Figure 3.2) but are in the relative density retrievals (Figure 3.5). We conclude that the 

raw photon count data should be smoothed logarithmically. The application of a 

correction for extinction does not yield a significant change to the temperature or density 

retrievals (Figures 3.7 and 3.8). The choice of altitude for background signal estimation 

does not yield a significant change to the temperature or relative density retrievals 

(Figures 3.11 and 3.13).

We find that the density perturbations have a much smaller signal-to-noise ratio 

than the density profiles (Figure 5.6). Using spectral analysis techniques we can 

determine the magnitude of the noise component and remove it from the estimates of the 

rms density perturbations. This removal results in a significant change in the variation of 

density perturbations with altitude (Figure 5.11). We then employ these methods to study 

the variation of the density perturbations through the fall, winter and spring (August- 

April). There is significant night-to-night variation in the observations (Figure 6.2). 

From intensive observations made in 2003 (Figure 6.4, 6.5, 6.6), we have attempted to 

correlate the variation in the density perturbations with change in the temperature 

structure of the stratosphere and mesosphere. Our preliminary inspection of the data 

suggests that the presence of mesospheric inversion layers is accompanied by stronger 

gravity-wave activity in the 40-50 km altitude region. A complete analysis would 

require the use of a synoptic-scale atmospheric model to study how the atmospheric 

conditions are varying.
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Appendix A l: Processing Algorithms 

A l.l:  Introduction

In this appendix we illustrate how the IDL® programs operate that process the 

photon count data to yield temperature and density profiles. We specifically look at how 

the CALCJTEMP procedure in the RY WW01 program operates. We show how the 

calculation for temperature, temperature error, density, density error and extinction are 

conducted. In this example we are conducting the temperature and density retrieval over 

the altitude range of 35 to 80 km. The altitude of the lidar system is 0.394 km above 

mean sea level. The altitude resolution of the raw data is 75 m. We consider the retrieval 

from a single profile of photon counts. Actual data values are taken from the retrieval of 

the lidar data of the night of 14-15 November 1997. We use estimate the background 

signal at 225 km, we correct for extinction, and we apply linear smoothing.

A1.2: Density Calculation

The original photon count data extends from the ground (at 0.394 km ASL) to 
307.575 km. The one-dimensional array ZKM  of size 4101 contains the center altitude of 
each range bin and starts at 0 km ASL. The signal photon count data of interest is placed 
in the array RYTEMP. RYTEMP is a two-dimensional array of size 1x600. The size 
reflects that RYTEMP represents a single profile (1) of multiple altitude ranges (600). 
The array RYTEMP contains a subset of the whole signal over altitudes from )
to ZKMijRyhi). To calculate the relative density profile (Equation 2.4) we establish a 
one-dimensional array WORK:

WORK(0:599) = RYTEMP(0:599) x Z2(0:599) (A l.l)
where

Z2(0: JRy - 1) ■ f ZKM^ : >Rf \ HDRALT"\ (A1.2)
'  { ZKM (jRylo) -  H D R . A L J
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and ZKMQRylo) =  35.0625 km, ZKM(jRyhi) =  79.9875 km =  467 =  1066,
and HDR.ALT = 0.394 km. The principal values used in the retrieval are tabulated in 
Table A l.l. The array variables are tabulated in Table A1.2. We then take a running 
geometric mean of WORK to yield an accurate value of the relative density at the center 
of each range bin:

WORK(0: 598) = JwORKiO: 598) x WO: 599) (Al .3)

Finally we normalize WORK so that WORK(0) has a value of 1:

WORK(0: 599) = WORK(0:599)
WORK(0)

A1.3: Density Error Calculation

The density error calculation is based on Equations (2.5-2.11). To calculate 
profiles of temperature and density and their associated uncertainties in a robust fashion 
we first spatially filter (or smooth) the raw photon count data using a running average. 
Typically we filter over 2 km, which is equivalent to 26 range bins. Thus successive 
values of the filtered photon count profile are not independent but each value every 26 
points apart is independent. Thus we use propagation of error techniques to determine 
the errors at the independent points and then linearly interpolate between those points to 
find the error profile at all points.

We first generate the component terms in Equation 2.10, where U = WORK(J), V 
= NBK(0),and W = WORK(O):

V U  = 7 * 0 R K ^  „  (A 1.5)
( W O R K ( J ) - N B K ( O ))2

m =  - WORW)
(WORK(O) -  NBK(0)f
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Table A l.l: Principal Variables

Name Value

ZKM [0.0375, 0.1125, ..., 307.463, 307.538]

DeltaZ 0.075 km

JRyHi 1066

jRyLo 467

JRyHi 1066

jRy 600

(=jRyHi -  jRyLo +1)

ZKMijRyHi) 79.9875

ZKM(jRyLo) 35.0625

Table A1.2: Array Variables

Name Quantity

RyData Raw photon count data

RyTemp Temperature in Kelvin

RyDen Density normalized to 1.0 at lowest altitude

RyTempErr Absolute temperature error

RyErr Relative temperature error

RyDenErr Absolute density error
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vv =    +   ------------------
{WORK(J) -  N B K (0)f 0) -  N BK (0)f

2
(A1.7)

(WORK(J) -  NBK(0))x(jVORK(0) -  ))

V V  = SBK2(i)xVV (A1.8)

where NBK(Q) is the average value of the raw photon count over the noise altitude range 
and SBK(0) is the sample standard deviation of the raw photon count over the noise
altitude range. Following Equation 2.10 we then form the relative variance at each 
independent altitude:

A1.4: Temperature Calculation

Following Equation 2.18 we see that the temperature calculation is carried out as 
a progressive downward integration from the highest altitude to the lowest altitude for 
each data profile. The temperature retrieval is calculated in the one-dimensional array 
TEMPI before being stored in the two-dimensional array RYTEMP. The initial 
temperature at the highest altitude is taken from MSISE-90 and has the variable name 
TKO. The physical constants that are used in the retrievals are presented in Table A 1.3. 
The acceleration due to gravity is a function of altitude and given the variable name

RyDenErr(J) = * + (A1.9)

and finally form the actual absolute variance:

RyDenErr(J) = RyDenErr{J) x RyDen(J). (A1.10)

GRAV:

GRAV = G (A l.ll)
ZKM + 0.5 x DeltaZ 

REARTH
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Table A 1.3: Physical Constants

Symbol

Name
Value Units Quantity

C 3.00xl08 m/s Speed of light

G 9.81 m/s2
Gravitational

constant

MAIR 0.029 kg/mole
Mean molecular 

weight of air

NAVA 6.02 1023 molecules/mole
Avogadro

constant

PSCT 8 x — x f 550 1
4

x 5.45 = 52.16 10'32 m2

Rayleigh 

baekscattering 

cross section.

* ^  ^  x  O  A  A

3 = 532nm ;

R 8.31 J/(mole-K)
Universal gas 

constant

REARTH 6375 km
Mean radius of the 

Earth

Scaling constant

SFAC 1023x l0 '32 = 10'9
to avoid over- and 

under-flow in 

calculations

Sgc 287 J/(kg-K)
Specific gas const, 

equals to R/MAIR
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To illustrate the downward integration, we explicitly present how the temperatures at the 
three top points in the profile (TEMPI(599), ), and are 
calculated. The highest temperature is based on the seed value, TEMP1(599) (= TKO 
where TKO is the linear interpolation of the of the MSISE-90 temperature at zRyHi). To 
calculate TEMPI(588), we then determine the relative density profile in the array :

WORK(0:1) = RyTemp(0,598:599)xZ2(5 (A1.12)
= [799.264, 789.633]

WORK(O) = ^JWORK(Q) x WORK (I) (A l. 13)
WORK = [794.434, 789.633]

WORK(0:1) -  W O R K ( f i : 1) (A l. 14)
WORK(0)

WORK= [1, 0.993957]

IntD = total(WORK(0)xGRAV(598))x(MAIR/R)xDe (A1.15) 
IntO = WORK(\)xTKO (Al .16)
Templ(598) = IntO + IntD (A l. 17)

We also calculate the relative contribution of the seed term (based on our initial guess 
TKO), IntO, to the lidar measurement term (based on the integrating the photon count 
profile), IntD, by calculating the ratio of the two terms as the variable:

RyIRat(0, 598) = IntO/IntD (A l. 18)

WORK(0:2) =RyTemp(0,597:599) (A1.19)
= [800.678, 799.264, 789.633]

WORK( 0) = ^WORK(O) x WORK(Al .20)

WORK (I) = j  WORK (I) (A1.21)
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WORK{0:2) = [799.970, 794.434, 789.633]

WORK(0 : 2) = WORK(0 :2 ) 
WORK(0)

(A 1.22)

WORK(0:2) = [1.00000,0.993079,0.987078]

IntD = total( WORK(0: 1) x G7M F(597:598)) x (MAIR/R) x DeltaZx 103 (Al .23)

At each step we initialize WORK as an array of size NK where NK begins with value 2 
when J, the index of Tempi, starts at the highest altitude with a value of 598 and ends 
with value 600 when /  reaches 0 at the bottom of the profile.

A1.5: Temperature Error Calculation

We first generate a one-dimensional array JINDX, which contains the values 
JINDX(0:23) = [1066, 1052, ..., 480]. The first one stands for 79.9875 km; the last one 
stands for 36.0375 km. The first two points are spaced by 14 points (1.05 km); the others 
spaced by 26 points (1.95 km). Using JINDX, we obtain an array of altitudes separated 
by 1.95 km called ZERR (= [36.0375, 37.9875,..., 76.9875, 78.9375, 79.9875]). We 
store the corresponding photon counts at the altitudes of ZERR as the array PCI.

The standard deviation in the estimate of the background signal, SBK, is 
calculated in procedure CALC BKGND as:

IntO = WORK(2)x TK0 
Templ(591) = IntO + IntD

(A1.24)
(A1.25)
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There are two components for the variance of the smoothed signal photon count, ERRI. 
The first, Var(s),  is the variance due to the photon count process. The second term, 
Var(n), is the variance of background noise. The variance is the sum:

Errl{0 : 23) = Var(s) + ). (A1.27)

The term Var(s) is given by:

Var(s) = Var 

1

1 m \
- * 2 > ,  \m  S  j

x Var
m

in

m i*l m

(A1.28)

The variance ERRI is given by:

Errl{0 : 23) = PC /( ° : 23)+ NBK +SBK* (A 1.29)
JFILT

where JFILT (= 26) corresponds to the variable m in Equation A1.28, the smoothing 
width or length. Since we have integrated all the raw data into a single profile, the array 
NBK and SBK only have one value.

The error due to temperature guess at initial or top altitude is given by:

RyErr(23) = ATKO
TKO

(A1.30)

where A7X0 is 25 K. It is the initial guess of the temperature error; TKO is the linear 
approximation of the MSISE-90 temperature profile at altitude zRyHi.
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INTI is the relative variance in the first temperature estimate (i.e. (dx/x)2). It 
equals to the relative variance of PCI{22) plus the relative variance of plus the 
relative variance of the initial guess. INTI is calculated as:

INTI = Errl{^2) + Errl{23) +
PCI {22) PCI {23)

y ’(A1.31)
Var{s{ 22)) + Varjn) + Var(n)

PCI{ 22)1 + 23)2 _
r ATK0^2

TKO

INT2 is the first term in the actual temperature estimate (i.e.

Z2{23)xPCI{23)INT2 = TK0x

= TK Ox

Z2{22)xPCI{22)

Z(20) -  HD
ZKM{jRyLo) -  HDR.ALT

X PCI (23)

ZQ N ^-H D R A L^  
ZKM{jRyLo) -  HDR.ALT

x PCI{22)

(A1.32)

We then calculate the actual variance (i.e. ), and save it to INTI using Equation
A1.31 and Equation A1.32. (i.e. {dx/x)2 xx2=(dx)2). INT3 is the downward integral when 
there is only one step:

INT3 = Mfl,> X —  x x g(22) = ^  x AZ x
R Pi 22) R

(A1.33)

where AZ (= 1.95 km) is the smoothing length. The variable g(22) is the acceleration 
of gravity at altitude ZERR{22).We calculate the relative variance of the
temperature at altitude ZERR{22):

RyErr{ 22)= INTI ) 2 ( Ar(22)^
[INT2 + INT3 ) I T{ 22))

(A1.34)
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where INTI is the variance of T(22) and the sum INT2 + INT3 is 7(22). We then enter a
loop to calculate the relative temperature error from 21) to 0):

i M x A J
7(24 - j ) =  X 7(23) X ,0(23) +  x £  7(24 -  x) x g(24 -  x)

7(24 -  7) [ £  I

7(23) x N s (23)x

N s ( 2 4 - J )

z 2 (23)
Z 2(2 4 -7 )

(A1.35)

M nir x AZ
+ ——--------x

R P A 2 4 - x ) * §

The three loop variables J, K  and NK  are tabulated in Table Al .4. In the following 

equations, we present the initial values of the loop variables K  and NK. We calculate

INTI, the variance of the term, —air~ —  x 'Y  Ns (24 -  (24~*) * g(24 -  x)
R  ( 2 4 - y )

as:

INTI = ((Mair X Az)/R)2 X 1(777/(22) 22) x g(22))2) (A1.36)

where 7 7 7 / is the variance of N, the total signal photon count. We then calculate

which is the term 7(23) x 1V,(23) x — . as:
7 sv '  Z(24 -  j )

INT2 = TKO x 23) xZ(23) -  HDR.ALT 
ZKM(jRyLo) -

(A1.37)

The term INT3, the relative variance due to temperature guess at initial or top altitude and

2 2 (2 3 }
the photon count (i.e. relative variance of T(23)x A7 (23)x — — ) is calculated as:

Z ( 2 4 - j )

INT3 = RyE +7 rr/ (23) 
7C/(23)2

AT70V Var(s (23)
770 J +

7C/(23)2
(A1.38)

Then we calculate the total variance of
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Table A1.4: Values of indices during downward 

integration of temperature retrieval

J 2 3 4 22 23

K 21 20 19 1 0

NK 3 4 5 23 24
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T(23)x N Z 2( 23) 
Z 2(2 4 -7 )

K i r  X ^
R

x ± N s ( 2 4 -x ) x
jc=2

Z 2(2 4 -x )
Z 2( 2 4 - J )

x g (2 4 -x )

and calculate INT3 as:

7ATJ = INT3xINT2xINT2 + INTI (A1.39)

We calculate the temperature component

M  . x AZ

as INTI:

/A T I =  M x A Z  X { A t ( 2 2 :1 9 )X Z 2 ( 2 2 :1 9 )X g ( 2 2 :1 9 ) 
R

(A 1.40)

We determine the temperature 

Z 2(23)Z(23)x N s (23)x
Z 2( 2 4 - j )

Matx AZ 
R

x Y jN s { 2 4 - x )x
x=2

Z 2( 24- x )  
Z 2( 2 4 - J )

x g (2 4 -x )
by adding 77V77 and /AT2:

INTI = INTI + INT2.

We calculate the relative variance of 

Z 2(23)

(A1.41)

T(23)xNs (23)x
Z 2( 2 4 - j )

+ -
£

« Z » S( 2 4 - I )x
x=2

Z 2( 24- x )  
Z 2( 2 4 - j )

x g(24 -  x)
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by dividing INT3 by the square of INTI:

INTI = INT3/(INT1A2). (Al .42)

Finally, we add the variance o f   7— r to INTI to form the relative variance:
N S( 2 A- J )

RyErr(0,21) = INTI + Errl^X)
PCI2(21) V '

We then repeat the above process to get all the temperature relative error (variance) at all 
the independent altitudes, RyErr(0,0:23). We convert to relative standard deviation by 
taking the square root:

RyErr = ^RyErr (A 1.44)

We finally change it to temperature absolute error (standard variance), by multiplying the 
relative error by the temperature:

RyTempErr = RyErrxRyTemp (Al .45)

A1.6: Extinction Calculation

We initially calculate the incremental extinction over each altitude range:

EXT = NAIRx PSCT x DeltaZ x SFA C (A1.46)

where NAIR is the molecular number density (m'3) determined from MSISE-90, PSCT 
and SFAC is detailed in Table A1.3, DeltaZ is explained in Table Al. l .  EXT(O) 
corresponds to the extinction at ZKM(jRyLo), and EXT(jRy -  1) corresponds to the 
extinction at altitude ZKM(JRyHi). The differential transmission is:
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EXT = 1 -  EXT (A1.47)

and the one-way transmission from ZKM(jRyLo) to ZKM{J + jRyLo) is calculated as a 
product of terms from ZKM(jRyLo) to ZKM(J +

J - 1

EXT(j )  = Y l  EXT(K) . (Al .48)
k -0

We calculate the two-way transmission as the square of the one-way transmission:

EXT(J) = EXT(J) x EXT{J). (Al .49)

We finally normalize the values to 1 at the lowest altitude:

E X T ( J ) - ^ § m  <A1'50>


