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Abstract: A computer simulation tool using MATLAB has been developed based on the
coherent Doppler lidar theory. The measurement performance of a satellite coherent
Doppler wind lidar is computer simulated using the CALIOP measurements instead of
aerosol model. Frehlich’s two-parameter model is used to characterize the performance of
the velocity estimates. The accuracy of radial wind velocity good estimates and the
fraction of good estimates, depending on backscattered signals from aerosols, generally
decrease with altitude. The simulation results demonstrated that a global wind profiling
of the lower troposphere from space is feasible using a coherent Doppler wind lidar with
achievable system design, appropriate performance setting and parameter selection.
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1.

Introduction

Global measurements of wind profiles are urgently needed for many meteorological studies. A
spaceborne Doppler lidar is considered to be the observation system capable of such measurements in the
troposphere. As early as the 1980’s, a space-based coherent Doppler lidar system (Windsat) was
proposed[1,2]. In the US, a hybrid lidar concept was selected for future spaceborne wind lidar system.
Both a coherent lidar using heterodyne detection and an incoherent lidar using direct detection will be
used for simultaneous wind measurements. The coherent Doppler lidar measures particulate scattering
signals from aerosols which is suitable for lower altitude wind measurements.
The performance simulation of a spaceborne coherent Doppler lidar is important and requires correct
modeling of the realistic characterization of aerosols and clouds. In most of the performance simulations
of spaceborne Doppler lidar, the assumptions of ideal atmospheres are usually used. The performance of
coherent Doppler lidar measurements has been simulated and evaluated for a modeled atmosphere with
invariant aerosol backscatter [3,4] or varying aerosol backscatter [5,6]. The Doppler Lidar Simulation
Model (DLSM) can simulate both coherent and incoherent Doppler wind lidar using modeled aerosol
backscatter profiles [7,8]. A global aerosol backscatter distribution from CALIPSO lidar Level 2 aerosol
profile data was used to simulate and assess the performance of wind speed measurements of a coherent
Doppler wind lidar (CDWL) instead of the aerosol model [9].
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) satellite has continuous worked for more than ten
years. It has been providing a large amount of global cloud and aerosol measurement data with high
vertical resolution [10,11]. In this study, the CALIOP Level 1064 nm attenuated backscatter profiles are
used to simulate and assess the performance of wind speed measurements of a coherent Doppler wind
lidar in cloud-free conditions based on the coherent detection theories.
2.

Methodology

We follow mainly the coherent Doppler lidar theory summarized in [12]. The performance of the lidar
velocity estimates is characterized by two parameters, the fraction of the bad estimates b and the RMS
error of the good estimates g, as a function of coherent photoelectrons1:
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The coefficients in the above equations generally vary depending on the variations of the wind field, laser
frequency stability, and transmitter and receiver geometries. Here, = 1.364, b0 = 11.42,= 1.325, g0 =
9747,= 0.9667, δ = 209.2, and= 0.04397. w,eff is the total effective spectral width in velocity space,
and is related to the effective spectral width weff by w,eff =  weff /2. is the laser wavelength. w,eff is
given by
2
2
.
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Following [12], w,eff =1.281 m/s, including the contributions from turbulence s2vr = 0.5759 (m/s) 2, wind
shear s2shr = 0.6592 (m/s)2, local laser frequency fluctuationσvLO = 0.5 m/s, and pulsed laser spectral
widening wv = 0.3935 m/s.
The number of received coherent photoelectrons  can be estimated using
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Where, R is the range probed by the leading edge of the pulse at time t, Q is the quantum efficiency, β(R)
is the backscatter coefficient, T2(R) the two-way atmospheric transmittance between the lidar and the
atmosphere at R, c the speed of light, E the energy in each laser pulse, Ar the effective area of the
receiving telescope, tg the time interval of each range gate, and tg = Mts, where ts is the sampling interval
and M is the number of complex lidar data samples in each range gate. h = 6.626×10-34 (J) is Planck
constant,  is the frequency of the laser. H is the heterodyne efficiency, defined asH = C(R)/D(R),
where C(R) and D(R) are the dimensionless coherent and incoherent responsivity, respectively. Both C(R)
and D(R) can be expressed as a series that includes two physical representations of low-spatial-frequency
(lf) behavior and high-spatial-frequency (hf) behavior [13], and the first order terms are given by
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is the transverse-field coherence length, k = 2/(rad m-1), H = 2.914383, and Cn2 is the refractive index
structure constant. The impact of the atmospheric refractive turbulence on the heterodyne efficiency is
small for the space-based measurements[9].
To calculate the number of received coherent photoelectrons , in [9], the CALIOP Level 2 nighttime
aerosol profile product, i.e., aerosol backscatter coefficients at 532 nm β532 with resolution of 60 m
vertically and 5 km horizontally are used in the simulation. Then, the backscatter coefficients at 2.1 μm
are derived from backscatter coefficients at 532 nm using a wavelength conversion function presented by
Srivastava et al [14]. Different with that, here, we will focus our simulation on a 1064 nm CDWL
measurement. The level 1 attenuated backscatter at 1064 nm can be directly used for the calculation of 
by using
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Simulation and results

The CALIOP level 1 data gives a set of calibrated attenuated backscatter profiles at 1064 nm with a
vertical resolution of 60 m from -0.5 km to 20.2 km and 180 m between 20.2 km and 30.1 km[11]. The
latest CALIOP Version 4.00 level 1 products are released in November 2014. The comparison shows that,
the relative deviations of the attenuated backscatters between CALIOP level 1 Version 4.00 and Version
3.01 products for clouds and aerosols tend to positive values, and the changes are more obvious at
nighttime than those at daytime for both clouds and aerosols. The mean relative deviation of 1064 nm
attenuated backscatters for aerosol is 6.94% at daytime, and 10.92% at nighttime[16]. In this study, two
months（Jul. and Nov. 2011） of CALIOP Version 4.00 L1B nighttime products are used for the
calculation of the number of received coherent photoelectronsand the corresponding level 2 vertical
feature mask (VFM) products are used for cloud-free data selection.
For data selection, the cloud-free range bins are defined as the bins that have the Feature Type of “clear
air” and “aerosol” , but the cloud-free bins underneath a cloud bin are not included because the presence
of clouds can attenuate the laser beam and consequently reduce the lidar signals backscattered from the
air below the clouds. And, only the attenuated backscatters at 1064 nm less than 0.03 and greater than 0.02 are selected for the simulation. Latitude and longitude zonal-vertical distributions of mean cloud-free
attenuated backscatters at 1064 nm are shown in Fig. 1.

Fig. 1. Zonal-vertical distributions of mean attenuated backscatters at 1064 nm (log scale in km-1 sr-1)
A computer simulation tool using MATLAB has been developed based on the heterodyne detection
theories mentioned above. The parameters of the spaceborne monostatic CDWL system are summarized
in Table 1.
Table 1. System parameters of a space-based monostatic CDWL
Platform height = 410 km
Viewing angle = 45˚
Laser wavelength λ = 1064 nm
Laser pulse energy E = 250 mJ
Radius of Gaussian-distributed laser beam
Radius of receiver lens σR = 50 cm
and local oscillator σL = σLO = 35 cm
Focal length of the transceiver F = 578 km
Detector quantum efficiency ηQ = 0.8
Gate interval tg = 7.5 s
Sampling interval ts = 0.05 s
Range-gate length Rg = 1.125km
Vertical resolution Zg = 0.795 km
-1
Effective spectral width, w,eff = 1.281 m s
Normalized spectral width = 18.05
Based on the vertical distributions of mean attenuated backscatters at 1064 nm from CALIOP level 1
data shown in Fig. 1, the spaceborne CDWL given in Table 1 is simulated. The main parameters and
conditions follow [9] and [12]. The refractive index structure constant Cn2 measured in clear-air
conditions in winter at nighttime [17] is used for the H calculation. Fig. 2 gives simulated latitude and
longitude zonal-vertical distributions of received number of coherent photoelectrons 1. It shows a strong
similarity with Fig. 1 because a CDWL uses aerosol as a tracer of wind. The received coherent
photoelectron number can reach several thousands in the boundary layer less than1 km where most of the
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atmospheric aerosol is distributed, and decreases with altitude because the aerosol loading decreases with
altitude. In most area shown in Fig.2, the received coherent photoelectron number is larger than 100.

Fig. 2. Simulated zonal-vertical distributions of received number of coherent photoelectrons 1
The latitude and longitude zonal-vertical distributions of the calculated fraction of bad estimates b and
radial velocity RMS error of good velocity estimates g are presented in Fig. 3 and Fig. 4, respectively. Fig.
3 shows that b is less than 0.1 in most of the atmospheric aerosol is distributed. The altitudes of b = 0.1
where a wind measurement with a faction of 10% bad estimates decreases as approaching the two poles
where the aerosol loading is small. It is seen that the accuracy of radial wind velocity good estimates g
increases as 1 decreases (Fig. 4 vs. Fig. 1), and can reach an altitude of 2 km with radial velocity RMS
error less than 0.3 m/s except in the areas of the two poles.

Fig. 3. Zonal-vertical distributions of the calculated fraction of bad estimates b

Fig. 4. Zonal-vertical distributions of RMS error of good velocity estimates g in m/s
4.

Conclusions

The single-shot measurements of a 1064 nm CDWL in cloud- free conditions are simulated using latitude
and longitude zonal-vertical distributions of mean attenuated backscatters at 1064 nm from two months
（Jul. and Nov. 2011）of CALIOP Version 4.00 level 1 nighttime profile products. The corresponding
feature types from CALIOP level 2 vertical feature mask (VFM) products are used for cloud-free data
selection.
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The simulation results show that the distributions of calculated fraction of bad estimates b and radial
velocity RMS error of good velocity estimates g show strong similar patterns with the distribution of
attenuated backscatters at 1064 nm because a CDWL uses aerosol as a tracer of wind. The altitude of
accuracy of radial wind velocity good estimates g less than 0.3 m/s can reach an altitude of 2 km except in
the areas of the two poles.
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