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Upper altitude limit for Rayleigh lidar
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Abstract. It has long been assumed that Rayleigh lidar can Rayleigh lidars measure the intensity of light backscat-
be used to measure atmospheric temperature profiles up tered by the atmosphere, as a function of altitude, from a
about 90 or 100 km and that above this region the techniqugulsed laser. The measured intensity profile is often called a
becomes invalid due to changes in atmospheric compositiophoton-count (or photocount) profile as, in practice; the in-
which affect basic assumptions on which Rayleigh lidar istensity is measured by counting photons.
based. Modern powerful Rayleigh lidars are able to mea- Several algorithms have been suggested which allow the
sure backscatter from well above 100 km requiring a closerdetermination of a temperature profile from a measured
examination of the effects of the changing atmospheric comphoton-count profile (Hauchecorne and Chanin, 1980, Shi-
position on derived Rayleigh lidar temperature profiles. bata et al., 1986; Gardner et al., 1989). These algorithms
The NRLMSISE-00 model has been used to simulate lidarare all based on the same physical principals and make the
signal (photon-count) profiles, taking into account the effectsfollowing two basic assumptions:
of changing atmospheric composition, enabling a quantita- . )
tive analysis of the biases and errors associated with extend- 1+ the atmosphere behaves like an ideal gas, and
ing Rayleigh lidar temperature measurements above 100 km.
The biases associated with applying a nominal correction for
the change in atmospheric composition with altitude has alsarhe algorithm used in this work explicitly determines a rel-
been investigated. ative pressure profile from the relative mass-density profile,
The simulations reported here show that in practice the upwhich is determined from the photon-count profile. The rela-
per altitude limit for Rayleigh lidar is imposed more by the tive pressure and mass-density profiles are used to determine
accuracy of the temperature or pressure used to seed the teran absolute temperature profile. The first of the two above
perature retrieval algorithm than by accurate knowledge ofassumptions is used in the determination of the relative pres-
the atmospheric composition as has long been assumed. sure profile from the relative mass-density profile. The sec-

. . ond assumption is used in the calculation of the temperature
Keywords. Atmospheric composition and structure (Pres- , . . )
rofile from the relative mass-density and pressure profiles.

sure, density, and temperature; Transmission and scatterln% Early in the development of the Rayleigh lidar technique

of radiation; Instruments and techniques) it was recognised that there was an upper altitude limit for
the application of this technique (Kent and Wright, 1970)
due to the changing composition of the atmosphere above
1 Introduction about 90km. This limit has been informally extended to
about 100 km over the past few decades as our understand-
Rayleigh lidar is a well established technique used to dedng of this region of the atmosphere has improved. However
termine atmospheric temperature profiles from the mid-this limit has remained vague and the effects of extending
stratosphere~30 km) to the lower thermosphere@5km),  Rayleigh lidar temperature measurements beyond it are not

2. the atmosphere is in hydrostatic equilibrium.

(Chanin, 1984; Sica et al., 1995). well understood.

This paper examines the effects of extending Rayleigh li-
Correspondence td®. S. Argall dar temperature retrieval above 100 km through the analysis
(pargall@uwo.ca) of simulated photon-count profiles.
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Fig. 1. Rayleigh backscatter cross section as a function of altitude Fig. 2. Mean molecular mass a function of altitude.
Quite, moderate and Active refer to solar activity, see text for de-
tails.
Assuming that the mass density profile is proportional to the
o number density profile, i.e. composition is constant with al-
2 Rayleigh lidar measurements titude, allows the atmospheric mass density to be related to

_ o ] _ the Rayleigh lidar signal as follows:
Inherent in the determination of temperature profiles using

the Rayleigh lidar technique is the assumption that measureg (z) o« N (z) 72 4)
photon-count profiles are proportional to the atmospheric
mass-density profile. Equation (4) shows that the signal measured by a Rayleigh
Rayleigh lidar photon-count profiles, representedwbit) lidar is proportional to the atmospheric mass density, so long
the number of detected backscattered laser photons from th@s the above assumptions are valid, i.e. the composition of
altitudez, are described by the equation: the atmosphere does not change.
The changing composition of the atmosphere above
B ni(z)ori ~95km causes the Rayleigh backscatter-cross-section
N (z) = l—z (1) (Eq. 3) of “air” to change with altitude (Fig. 1) so that
2 Eq. (2) is no longer valid. Composition changes also affect

where g is the product of a number of system and atmo- the mean-molecular-mass (Fig. 2) so that the number-density
spheric parameters, e.g. laser power, system optical effiProfile is no longer proportional to the mass-density profile
ciency, area of the receiving telescope, square of the atmg@Pove 95km and so Eq. (4) is also no longer valid. These two
spheric transmission, integration time and integration alti-€ffects are inherent in the signal recorded by all Rayleigh li-
tude,n; (z) is the number density of the atmospheric speciesdars and cannot be separated or removed; therefore these ef-
i at altitudez, andoy; is the Rayleigh backscatter-cross- fects have been combined for the purpose of this study and
section for the atmospheric species are jointly referred to as signal effects.

Under the assumption that the atmosphere is well mixed,
i.e. composition is constant with altitude, and no aerosols ar%

present in the scattering volume, Eq. (1) can be simplified to Temperature determination algorithm

Bn (2) oR In order to determine an atmospheric temperature profile,

N (z) = 2 (2) a Rayleigh lidar measured photon-count profile is first cor-
rected for range (Eqg. 4) and is then scaled to an atmospheric

wheren (z) is the total atmospheric number density at alti- model so that it represents a relative mass-density profile,
tudez, and orel, 1.€. the model is used to estimate the proportionally con-

og is the Rayleigh backscatter cross-section for air, i.e.  stant applicable to Eq. (4). At this point the relative mass
density profile is reasonably well scaled to the actual atmo-

Z niORi spheric mass density profile.

OR = ——— (3) A relative pressure profile can be determined by integrat-
Xi: i ing the mass-density profile using the hydrostatic equation by

Ann. Geophys., 25, 125, 2007 www.ann-geophys.net/25/19/2007/



P. S. Argall: Upper altitude limit for Rayleigh lidar 21

the repeated application of Eg. (5). This integration proceedsrable 1. Rayleigh backscatter cross-sections at 532 nm.
from the top of the density profile downward;

Prel (z — AZ) = Prel (2) + prei(z — Az, 2)g(2) Az (5) Species  Rayleigh backscatter cross sectiohgim?)

S e—— : - N 6.29e-32
where —Az, 7) is the average mass density for the alti- 2
Prel(z—=Az, 2) g ty o 520 632

tude range from—Azto . _ Ar 5 62 6-32
To initiate, or seed, this integration the pressure (or tem- o 11e-32
perature) at the top of the mass-density profile is required;
typically this is taken from a model atmosphere. Seeding
the integration in this way may cause an offset in the pres-

sures at the top of the calculated relative pressure profile;. . " _ L
the magnitude of this offset is proportional to the differ- Toc.jsp?BookiD=73% The refractive index for argon was

ence between the actual atmospheric pressure, which is u%@ken from Bodhaine (1979) and the Rayleigh backscatter

known, and the model pressure used. As the integratiorg;oéf;gicst':: dfg;S?Jr:ﬁ;g?@gg;gg&?;ne;h:n(;/:rl]liees given

proceeds downward in altitude by the repeated application Th |  the Ravleiah back : d
of Eq. (5) density increases and the second term in Eqg. (5), e values of the Rayleigh backscatter cross-sections use

[orel(z—Az, 2)g(z) Az], becomes larger so that the error in- in this study are given in Table 1.
troduced by the choice of seeding pressure on the calculated
relative pressure profile diminishes.

The relative pressure profile calculated using Eq. (5) wil
have the same scaling factor to the actual pressure profile
the relative mass density profile has to the actual atmospheri
mass density profile as shown in Eq. (6).

| 5 Method

he NRLMSISE-00 (Naval Research Laboratory Mass Spec-
trometer, Incoherent Scatter Radar Extended Model) (Pi-
cone et al., 2002) model was used to simulate Rayleigh li-
dar photon-count profiles based on the composition of the at-
mosphere as well as the Rayleigh backscatter cross-sections
and the molecular masses of the four most abundant molec-
ular species. The simulated photon-count profiles therefore
include the effects of the changing composition of the atmo-
sphere with altitude.
_ Pret  KPamos _ Patmos @ The simulated photon-count profiles are idealised in that
" Rprel  RKpatmos  Rpatmos they contain no photon counting (Poisson) noise or back-

. N round, due to scattered moon light etc., as are inherent in all
Equation (7) shows that temperatures calculated in this wa;ﬁ1

bsolut thouah both th densit q easured lidar photon-count profiles. In addition the simu-
are absolute even though bo € mass-densily and pressyfeq profiles are stored as real numbers rather than integers
profiles are relative.

: . . in order to maintain the precision of the simulation. Simu-
The gas constanty, used in Eq. (7), is a function of the P

lecul £ th q h ith ItJated profiles generated under these conditions can be con-
mean molecular mass ot the gas and so changes with alll;iyq 0 4 jgeal in that they do not contain any of these effects
tude. Thus, the processing of Rayleigh lidar measurement;

to obtain t i fles is d dent on th That normally degrade real measurements thus allowing the
0 obtain temperature proliies 1S dependent on the CompoS"étudy to be performed without the influences of these effects.
tion of the atmosphere. This effect will be referred to as the

processing effect The MSIS model accepts several input parameters: day
' of year, time of day, latitude, longitude, F10.7 solar flux in-
dex, 3 month average of the F10.7 solar flux index, and ge-
4 Rayleigh backscatter cross sections omagnetic AP index, which are all used to define the state
of the atmospheric model. These inputs allow a large num-
The simulations used in this study model the backscatteber of combinations of parameters for which lidar photon-
from nitrogen and oxygen molecules as well as argon andcount profiles can be simulated, a few representative exam-
oxygen atoms. Other species exist in such small concentrgples were selected and are presented here. All of the simula-
tions that their effect on the lidar signal and retrieved tem-tions presented here use MSIS inputs representing 00:00 UT
peratures is insignificant. The Rayleigh backscatter crossen 1 January at a longitude of O deg. Simulations were per-
sections for the included species are determined using théormed for a set of three solar activity parameters (Low, Nor-
same procedure as described by Stergis (1966) which remal and High) and for three latitudes (Low, Mid and High);
quires the refractive index and depolarization factor for eachthe corresponding MSIS inputs are defined in Table 2. Sim-
species. Updated refractive index values foradd N> were  ulation for other times of year have also been performed, the
obtained from Washburnh{tp://www.knovel.com/knovel2/ results of these simulations are similar to those presented for

P,
rel _ Prel —K (6)
Patmos  Patmos
By applying the ideal gas law to the relative mass-density
and pressure profiles; the temperature profilecan be de-
termined;

T
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Table 2. MSIS input parameters used for simulating atmospheric 140
composition. ﬁ ﬁ ; :
U 1C]0) SRS ORI NI NSRRI

Activity level Low Normal High
3 month average of the F10.7 solar flux 75 150 275 = 120p
F10.7 solar flux, daily 75 150 275 X
AP index, daily 5 12 50 2110
S
Low latitude  Mid latitude High latitude =
10 35 75 < 1001
90F
140 8 ; ; ; ;
%O 100 110 120 130 140
130k Integration Start Altitude (km)

Fig. 4. Similar to Fig. 3 except that the signal correction has been
applied to the simulated photon-count profiles.

The temperature profile calculated when both corrections are
applied is taken as the standard to which the other uncor-
: : : : rected temperature profiles are compared.
QO Figure 3 shows the temperature bias for simulations at
: : : : mid-latitude under normal solar activity conditions when no
8% ; ; ; ; correction for composition changes is applied (no signal cor-
0 100 110 120 130 140 rection and no processing correction). The abscissa indicates
Integration Start Altitude (km) the altitude of the top of the temperature retrieval while the
_ _ ) ordinate corresponds to the altitude range of the temperature
Zﬁash;:olnt_oaﬁgf temp_eratlure t;]'a.s () cauls_eg by using the stanyqyiaval The upper left section of the figure is blank as the
. yleigh lidar retrieval technique applied to Irneasuremem%emperature is not determined at altitudes above the top of
simulated u_smg_atmospherlc compos.m_on take_q from the MSISthe retrieval. Figure 3 shows that for a Rayleigh lidar able
model for mid-latitude, normal solar activity conditions. See Sect. 5 ‘ .
for further details. to measure useful backscatter from as high as 110 km, once
10km has been removed from the top of the profile to re-
duce the seeding errors; the error at 100 km due to compo-
1 January except that the magnitude of the biases are typﬁition changes is of the order of 0.1 K. For a lidar 20 times
cally smaller, by up to 50% at other times of the year. more powerful than this, which can measure backscatter up
A Rayleigh lidar signal was calculated based on the MSIS0 120km, the temperature bias due to composition changes
number densities and the Rayleigh backscatter cross-sectioh$ aPout 2.5 K at 110 km.

(Table 1). Temperature profiles were calculated from the It is common to remove 1.5 scale heights from the top of
simulated signal using: the temperature profile to reduce effects of the seed tempera-

ture to an acceptable level. For a temperature profile starting
1. the standard Rayleigh retrieval method (no correction), at 110 km this corresponds to removing about the top 10 km.
The altitude range to be removed increases with altitude in
2. standard Rayleigh analysis with an applied correctionthe lower thermosphere.
for the effects of composition changes on the measured Temperature biases for the case where the lidar signal is
signal (signal correction), corrected but no processing correction is applied are shown
in Fig. 4. A comparison of Fig. 3 and Fig. 4 shows that
3. standard Rayleigh analysis with an applied correctionthe result of applying a signal correction without applying
for the effects of composition changes on the data pro-a processing correction increases the temperature bias sig-
cessing (processing correction), and nificantly.
The bias in the temperatures profiles determined without
4. standard processing with both of the above correctionsa signal correction but with the application of a processing
applied. correction is shown in Fig. 5; again the magnitude of the bias

Altitude (km)
[
|_\
o
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Fig. 5. Similar to Fig. 3 except that the processing correction hasFig. 6. Mid latitude — measurements made during quiet solar activ-
been applied. ity and processed assuming moderate solar activity, except that the
temperatures used to seed the retrieval are for quite solar activity.

is greater than applying no correction at all. In this case the 140 : : : :
calculated temperatures are too low. It is apparent that mak-
ing no correction for composition changes leads to a smaller 1307 L R
bias in the calculated temperature profile than providing a 190t
correction for either the signal or the processing alone. . ; : 2= ,

E L0 T T

If detailed composition measurements were available & : 7 :
along with Rayleigh lidar measurements it would be possible g 190l ..o~ 0.4
to accurately correct the calculated temperature profiles for 2
composition changes. However composition measurements;—:f
at these altitudes are currently not routinely available. Cur-
rently the best ongoing source of information on composi- : : : :
tion is a model atmosphere such as MSIS. Using atmospheric 7o ~——0.4 0.4- 04—
composition data from MSIS as the basis for providing cor- § ; f f
reptiqns for Ra_yleigh temperature profiles.will lead to some 6 0 1(')0 1'10 1'20 1'30 140
bias in the derived temperatures due to differences between Integration Start Altitude (km)
the model and actual composition. In order to provide an
assessment of the magnitude of this bias it is useful to deterrig 7, mid latitude — measurements made during disturbed solar
mine the bias in cases where a single “standard” compositioRctivity and processed assuming moderate solar activity, except that
is used to provide corrections for measurements taken withhe temperatures used to seed the retrieval are for disturbed solar
a variety of composition scenarios. Figures 6 and 7 showactivity.
the temperature bias due to using composition corrections
(both for signal and processing) based on moderate solar ac-
tivity for Rayleigh lidar photon-count profiles simulated for ~ Figure 6 shows that for photon-count profiles starting at
quite and disturbed solar conditions respectively. For the re140 km and measured under quite solar conditions and pro-
sults presented in these two figures, the temperature retrievalessed with corrections based on moderate solar activity,
algorithm is seeded with a temperature appropriate for thausing the seed temperature for quiet solar conditions, the
photon-count profile simulation conditions, i.e. the tempera-maximum temperature bias is about 2 K at 130 km reducing
ture for the quite and disturbed conditions respectively. Theto 0.8 K at 120km. Figure 7 shows that for photon count
temperature biases shown in Figs. 6 and 7 are significantlyprofiles measured under disturbed solar conditions and pro-
smaller than those shown in Fig. 3 demonstrating that for thecessed as for Fig. 6 the temperature bias is less than 1 K at all
range of atmospheric composition changes between low andltitudes. These results show that the changing composition
high solar activity the bias caused by applying a “standardof the atmosphere above the mesopause does, as expected,
correction” for composition is significantly less than the bias have an effect on Rayleigh lidar temperature measurements;
in the case where no correction is applied. however applying corrections based on a composition profile
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Fig. 8. Mid latitude — measurements made during quiet solar ac-Fig. 9. Mid latitude — measurements made during disturbed solar
tivity and processed assuming moderate solar activity, including thesctivity and processed assuming moderate solar activity, including
selection of the seeding temperature. the selection of the seeding temperature.

derived from a model is sufficient to reduce the bias to quitefigure are approximateiy horizontal Showing that increasing

low levels even for measurements extending to an altitude ofhe integration start altitude does not reduce the temperature
140 km. It should also be noted that the bias could likely begrror at lower altitudes.

reduced further by providing corrections based on MSIS data

for the appropriate solar activity, although it becomes diffi-

cult to assess the residual errors as the differences between

the MSIS composition data and the actual composition is no6 Conclusions
well known.

More significant bias at the top of Rayleigh lidar temper- The standard Rayleigh lidar technique is relatively insen-
ature profiles are caused by the error in the pressure or tenkitive (bias typically<0.1K) to atmospheric composition
perature used to seed the retrieval algorithm. For the currenghanges with altitude so long as the temperature retrieval al-
generation of high power Rayleigh lidars it is possible to usegorithm is started at or below 110 km and the top 10 km of
co-located sodium lidar temperature measurements to seefle temperature profile is removed.
the Rayleigh temperature retrieval algorithm, so long as the . -\ oasured photon-count profiles extending above

top of the Raiyleigh measurements is in the altitude range Ot.LlO km, modifications to the standard Rayleigh data analy-
the sodium lidar, 85 to 105km (Dao et al., 1995; Alpers et ¢ algorithms, employing model (NRLMSISE-00) composi-

al., 2004). Flg_ure 8 _shows biases for the same conditions afon information, provide usefully accurate corrections (typi-
used for the simulation results shown in Fig. 6, except that

. = cal bias<1 K), even without specific knowledge of solar ac-
the seed temperature is taken for moderate solar activity. "Eivity parameters.
this case the Rayleigh lidar temperatures are too hot by up o ) , L
as much as 30 K when the retrieval is initiated at 140km and 1 n€ limiting factor in extending Rayleigh lidar tempera-
the top 10km is removed. The contours in the upper rightture measurements is the temperature (or pressure) used to

of the figure are almost horizontal; this shows that extendingsefad _the retrieval algorithm. Unless there are mdepgndent,
the altitude of the integration initiation does not improve the coincident, accurate temperature measurements available at

accuracy of the retrieved temperature at a given altitude, i. Ehe integration start altitude the errors introduced by the seed-

the Rayleigh lidar temperature at 120 km is 10K too hot if ing temperature uncertainty are likely to be much greater
the retrieval is started at 130 km or at 140 km. than those due to the uncertainty in atmospheric composi-

: - tion.
The temperature biases shown in Fig. 9 are due to mea-

suring Rayleigh lidar photon-count profiles under disturbed

solar activity conditions and processing them assuming modacknowledgement<Canada’s National Science and Engineering
erate solar activity. The retrieved temperatures are more thagouncil (NSERC) is thanked for funding this work.

40K too cold at 130 km when the integration is started at  Topical Editor F. D’Andrea thanks two referees for their help in
140 km. As with Fig. 8 the contours in the upper right of the evaluating this paper.
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