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Lidar Measurements of Atmospheric Column CO2 from Regional to Global Scales

LIN, Bing1∗

1NASA Langley Research Center

Atmospheric CO2 is a critical forcing for the earth’s climate and the knowledge on its distributions and variations influences
predictions of the Earth’s future climate. Large uncertainties in the predictions persist due to limited observations. This study
uses the airborne Intensity-Modulated Continuous-Wave (IM-CW) lidar developed at NASA Langley Research Center to measure
regional atmospheric CO2 spatiotemporal variations. Further lidar development and demonstration will provide the capability
of global atmospheric CO2 estimations from space, which will significantly advances our knowledge on atmospheric CO2 and
reduce the uncertainties in the predictions of future climate.

In this presentation, atmospheric CO2 column measurements from airborne flight campaigns and lidar system simulations for
space missions will be discussed. Data analysis shows that airborne lidar CO2 column measurements over desert and vegetated
surfaces agree well with in-situ measurements. A measurement precision of ˜0.3 ppmv for a 10-s average over these surfaces has
also been achieved. Generally, airborne flight campaigns have demonstrated that the column CO2 measurements of the current
IM-CW lidar systems meet the accuracy and precision requirements of atmospheric CO2 sciences. Furthermore, analyses of
space CO2 measurements shows that the current IM-CW lidar technology and approach will enable space missions to achieve
their science goals.

Keywords: atmospheric CO2, lidar measurements, regional, global

1/1



AAS01-02 Room:301B Time:May 27 14:45-15:15

Technical approaches for future active optical remote sensing
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Lidar is a unique active optical remote sensing technique, which can detect very small particles such as molecules, gas and
particulate aerosols, clouds. Lidar can also measure range, wind speed, concentration of atmospheric constituents such as CO2,
water vapor and so on. Communication Research Laboratory (CRL: former institute of NICT) proposed development of the
space-borne coherent DWL as a candidate of the earth observation missions on the International Space Station (ISS)-Japanese
Experimental Module (JEM) in 1997, which was called JEM-CDL. NICT started studies on feasibility of JEM-CDL under the
support of the Phase II studies of the Ground Research Announcement of the National Space Development Agency (former in-
stitute of JAXA). NICT studied 2-µm laser technologies for the JEM-CDL during 6 years from FY2000 to FY2005 and develop
a 2-µm laser with a high pulse-energy of 460 mJ operating at 10 Hz. NICT developed a 2-µm conductively-cooled laser-diode-
pumped single-frequency Q-switched solid-state laser as a second-generation laser system. NICT developed a ground-based
2-µm coherent differential absorption and Doppler wind lidar for CO2 and wind measurements. DIfferential Absorption Lidar
(DIAL) is more complicated than passive sensor, it has the potential advantage of measuring concentration of atmospheric con-
stituents during nighttime. CO2 sources and sinks are located near the earth’s surface. Since 2-µm spectral region has sensitivity
close to the surface higher than 1.6-µm spectral region, a 2-µm integrated path differential absorption (IPDA) lidar is one of the
promising space-borne active optical remote sensors. The coherent Doppler Wind Lidar (DWL) is also a complicated system
but can measure Doppler wind speed with a high accuracy during daytime as well as nighttime. Although space-borne passive
sensor needs scattering objects (water vapor, cloud), coherent DWL can provide a wind profile even clear sky condition. A
combination of CO2 and wind measurements would facilitate better understandings of the carbon cycle on various temporal and
spatial scales. Space-borne lidar can provide only profile data in a straight line. A synergy measurement of space-borne lidar and
other technique would be important and valuable. NICT conducts studies on feasibility for a space-borne Doppler Wind lidar
with JAXA, Tohoku University, the University of Tokyo, Meteorological Research Institute, and other institutes. NICT will start
a new middle-term project in 2016. In this paper, we describe a future space-borne Doppler wind lidar and conceptual idea for
carbon cycle lidar measurement.
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Atmospheric Gravity Waves: MST Radars and Sondes
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MST radars have proved to be extremely useful in monitoring atmospheric gravity waves and understanding their role in the
middle and upper atmosphere dynamics. However, there are only a few such radars around the world, making routine monitoring
of gravity waves in the global atmosphere impossible. Using sondes to extract wave information such as the momentum flux
would help monitor and study gravity waves in the troposphere and the lower stratosphere, provided the method can be demon-
strated to yield realistic results. As a sonde ascends, its vertical velocity is modulated by gravity waves so that, in principle, it
should be possible to extract wave properties such as the energy density and momentum flux. However, the aerodynamics of the
flow around the balloon complicates the sonde vertical motion. The Reynolds number of the flow is around the transitional value
so that transition of the boundary layer on the forward hemisphere from laminar to turbulent can change the wake size and hence
the drag in an unpredictable fashion, affecting the vertical velocity. We have modeled the behavior of the balloon assuming it to
be elastic so that the sonde vertical velocity can be modeled and the transition from low drag to high drag assessed. The extensive
sonde dataset collected during the 2005 CPEA II campaign at the Koto Tabang Equatorial Radar facility has been used to explore
the technique. The vertical velocity fluctuations resulting from the model have been used to estimate atmospheric gravity wave
properties at the radar site during the month-long campaign.

Proper validation of sonde-extracted gravity wave properties requires comparison with another independent, reliable and si-
multaneous set of measurements. MST radars, being the gold standard for gravity wave studies, provide such an opportunity. At
the NARL MST radar facility in Gadanki, India, there exist radar data obtained during some sonde launches. We have used these
data to compare wave properties extracted from sondes with those extracted from radar horizontal and vertical wind velocity
measurements. We find the sonde provides results consistent with radar measurements, thus providing more confidence in the
utility of the technique for studying gravity waves in the global stratosphere. We will present results of these comparisons and
discuss their potential utility and some unresolved issues.

Keywords: MST radar, Radiosonde, Atmospheric gravity waves

1/1



AAS01-04 Room:301B Time:May 27 15:30-15:45

Changes of Arctic Clouds and Its Implications
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There has been studies (e.g., Schweiger, 2004) suggest significant increase of Arctic clouds during the last three decades,
especially in the western Arctic region. Such studies are based on passive remote sensing that are not highly reliable due to
the lack of contrasts in temperature and reflectance between clouds and snow/ice surfaces. Changes in the Arctic clouds can be
evaluated more accurately using the space-based lidar measurements from CALIPSO during the last nine years since CALIPSO
can provide much more accurate detection and classification of both water and ice clouds in the Arctic.

Time series of Arctic cloud properties (e.g., cloud fraction, cloud thermodynamic phase, water cloud depolarization ratio and
droplet number concentration) from CALIPSO data are analyzed in this study. This study reveals the changes in both cloud
fraction and cloud microphysical properties during the last nine years when CALIPSO data are available. We will evaluate the
changes in Arctic cloud fraction and cloud microphysical properties, their seasonal and spatial characteristics and the potential
impact on the energy budget and the climate of the Arctic.
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Ice cloud analysis using Himawari-8 data
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The Himawari-8 satellite was launched in October 2014 and carries the Advanced Himawari Imager (AHI) that has 16 spectral
bands in visible to thermal infrared spectra. Spatial resolution and observation frequency have been significantly improved. Nine
bands are in the thermal infrared at 6?13.5 micron wavelengths. This study aims at obtaining optical and microphysical properties
of ice cloud, and we are developing a cloud analysis system that uses the thermal infrared bands of the AHI. Our group has been
studied ice cloud properties by using three bands of 8.5-, 11- and 12-micron of MODIS onboard the Aqua satellite (Iwabuchi et
al., 2014). The cloud top temperature was obtained from the MODIS operational product and used as a priori for inversion. To
extend the retrieval method to the AHI, we have modified the method to use multiple bands including the CO2 and water vapor
absorption bands.

First we have developed a forward model that computes brightness temperatures and its partial derivatives with respect to
several variables. The input data are atmospheric temperature and humidity profile and surface properties. The radiative transfer
calculation is made at only a single wavelength band for each sensor band, using the correlated-k distribution (CKD) method
(Sekiguchi & Nakajima, 2008) with several quadrature points. Optical properties of water droplets are computed by the Lorenz-
Mie theory, and those of ice particles are obtained from a database made by Yang et al. (2013). Ice cloud habit models include
hexagonal column and plate, and the General Habit Mix (GHM) model (Cole et al., 2013) with different degrees of surface
roughness. Double-layer clouds are modeled, and radiative transfer is solved by the two-stream approximation. Brightness tem-
perature biases due to model approximation are removed by empirical formulae.

Absorption by ice particles is stronger at wavelengths longer than 10 micron. As suggested by prior studies, a combination
of multiple bands in the window region of 8?13 micron wavelengths allows inferring effective particle size of ice cloud. Ice
particle habits do not significantly affect the brightness temperatures, but water phase (liquid/ice) is moderately important to
spectral differences in brightness temperatures. Measurements are sensitive to ice cloud with cloud optical thickness of 0.05?12
and effective particle radius of 2?100 micron. Top pressure of lower cloud in multi-layer cloud column can be retrieved if the
upper cloud optical thickness is less than about 5.

Background surface and atmospheric data needed for the cloud analysis are interpolated spatially and temporally from MODIS
products and MERRA reanalysis. The optimal estimation method (Rodgers, 2000) is used to infer cloud properties includ-
ing cloud water path, effective particle radius, cloud-top pressure, and background surface temperature in single-layer cloud
cases. Top-pressure of lower cloud is inferred in multi-layer cloud cases, instead of background surface temperature. Measure-
ment?model biases due to errors in atmospheric data and model approximations and assumptions are evaluated by comparing
to simulated and measured brightness temperatures. The biases are removed, and remaining errors are evaluated for use in the
optimal estimation. Initial test analysis will be presented in the presentation.
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Computation of surface irradiances using satellite observations
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Understanding the surface radiation budget is important for several reasons. At the global and large temporal scales, it should
balance with the sum of surface latent and sensible heat fluxes and ocean heating. At regional scales, it is an indispensable
boundary condition for ocean or snow models or any other models that need energy input to the surface. NASA’s Clouds and the
Earth’s Radiant Energy System (CERES) project provides surface irradiance data products for a range of temporal and spatial
scales computed using a radiative transfer model initialized using satellite-derived cloud and aerosol properties. Other inputs to
the radiative transfer model include temperature and humidity profiles from NASA Global Modeling and Assimilation Office’s
(GMAO) reanalysis. The CERES team uses more than 80 surface observation sites located over land and ocean to evaluate
computed irradiances. When computed monthly 1degree by 1 degree gridded mean downward irradiances are compared with 10
years of observed irradiances, the bias averaged over all land and ocean sites are, respectively, -1.7 Wm−2 and 4.7 Wm−2 for
shortwave and -1.0 Wm−2 and -2.0 Wm−2 for longwave. The shortwave agreement is significantly better than other satellite-
based surface irradiance products. One of reasons for the better agreement is careful treatment of diurnal cycle of clouds by
merging 3-hourly geostationary satellite-derived cloud properties. In addition, computed surface irradiance variability shows a
remarkable agreement with observed variability. However, these data sets have their shortcomings. The uncertainty in nighttime
surface longwave irradiance over polar regions is larger than that of other regions primarily due to the difficulty of cloud detection
and large uncertainties in skin temperature and near-surface temperature and humidity. The large uncertainty in polar region
surface irradiances hampers, for example, investigation of surface radiation budget changes in response to changes in sea ice
extent. In this presentation, we present an evaluation of the current CERES products and discuss ways these products can be
improved in the future.
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Distributional correspondence of 94-GHz radar reflectivity with the variation in water
cloud properties
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This paper studied the behavior of 94-GHz radar reflectivity (Ze) with variation in the properties of low-level water clouds,
such as the effective droplet radius (re), geometrical thickness (Dcld), and liquid water path (LWP), over the northwest Pacific
and China. The changes in the distribution of maxZe (the largest Ze within a cloud layer) were examined in terms of variation in
the cloud parameters such as small, mid and large categories. While maxZe had monomodal distributions regarding variation in
re and Dcld, that appeared bimodal in the small category of LWP. It was confirmed that the small category of LWP contained both
non-precipitating clouds in the incipient stage and raining clouds in the dissipating stage. Next, optically-measured particle size
was combined with LWP derived from the microwave measurement to classify the precipitation type. Applying maxZe and Dcld
to the analysis of classified precipitation types corroborated the importance of Dcld for examining the occurrence of precipitation.
Finally, the position of maxZe relative to the cloud top was investigated using a measure of the probability of precipitation (POP)
according to variation in re. The results showed that the Pacific and China had ’bow’ and ’funnel’ shapes, respectively. The
emergence of these shapes according to the variation in re was interpreted as the enhancement of Ze due to droplet collisional
growth and the attenuation of Ze by the presence of large particles. Furthermore, a detailed analysis of smaller particles (<10
micron in radius) reinforced the idea of rapid, efficient particle growth in the lower part of the cloud.
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Detecting Super-thin Clouds with Polarized Sunlight

SUN, Wenbo1∗

1Science Systems and Applications, Inc., Hampton, VA 23666, USA.

Super-thin clouds exist globally but are extremely difficult to be detected by satellite instruments. These clouds can tremen-
dously impact the remote sensing of aerosols, surface temperature, and atmospheric composition gases. They are also very
important for climate modeling. In this presentation, a novel method for detecting cloud particles in the atmosphere with measur-
ing the polarized sunlight from the Earth-atmosphere system (Sun et al., 2014) is reviewed. Preliminary modeling results suggest
that this method can be used to detect super-thin cirrus clouds having an optical depth of only about 0.06 and super-thin liquid
water clouds having an optical depth of only about 0.01. Such clouds are too thin to be sensed using any current passive satellite
instruments. This method has potential to become an innovative satellite mission of NASA to advance Earth observation from
space and improve scientific understanding of all clouds and cloud-aerosol interactions.

Reference
Wenbo Sun, Gorden Videen, and Michael I. Mishchenko: Detecting super-thin clouds with polarized sunlight. Geophy. Res.

Lett. 41, doi: 10.1002/2013GL058840 (2014).
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The Improvement of Rainfall distribution of typhoon in Taiwan using numerical models
and satellite data

YEH, Nan-ching1∗

1Department of Aircraft Engineering, Air Force Institute of Technology

Natural disasters in Taiwan have occurred frequently in recent years. Torrential rainfall from typhoons in recent years has bro-
ken the precipitation records. The main factor that caused these calamities is intense concentration of rainfall distribution both
in spatial and temporal domains. If precaution is performed in advance, it could alert people to take appropriate measurement to
reduce disaster losses. Therefore, precisely estimate rainfall triggered by typhoons has become very important. The purpose of
this study provides an accurate estimation of precipitation forecast in Taiwan’s region impacted by typhoons.

The study utilizes WRF to simulate different paths of typhoons that had struck Taiwan in recent years, the distribution of
rainfall in Taiwan. Compared with the actual rainfall data collected by automatic station and revise it. Established typhoon
rainfall distribution of each paths in each region in Taiwan. Moreover, discovering the best typhoon rainfall estimation product
or algorithms over the ocean by utilizing satellite remote sensing typhoon rainfall (such as Global Precipitation Measurement,
GPM) and compared with the rain radar (ex: Precipitation Radar, PR or Dual-frequency Precipitation Radar, DPR) observations
respectively.

WRF model is capable of simulating the rainfall ratio distribution of Taiwan when typhoon strikes. Plus, satellites are able to
estimate rainfall of typhoons on the sea precisely. In other words,this study takes advantage of WRF rainfall pattern com-
bined with satellite rainfall estimation by TRaP (Tropical Rainfall Potential) technology. Simulating the actual distribution
of rainfall and the satellites can estimate valid typhoon rainfall to improve typhoon rainfall accuracy estimation in Taiwan.
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Antarctic temperature and ozone observed by satellite
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The Formosa Satellite 3, also named as the Constellation Observing System for Meteorology, Ionosphere, and Climate (ab-
breviated as FORMOSAT-3 /COSMIC, F3/C), is a constellation of six micro-satellites, designed for monitoring weather and
space weather. The constellation was launched into an initial circular low-Earth orbit at an altitude of 512 km on 15 April 2006.
The six micro-satellites have deployed to six mission obits at around 800 km altitude with 30-degrees separation in longitude
for evenly distributed global coverage. The major payload onboard F3/C, GPS occultation experiment (GOX) instrument daily
provides more than 2000 soundings of atmospheric vertical temperature profile. By binning radio occultation observations, the
three-dimensional temperature structure can be obtained to monitor Antarctic temperature variation. Real-time measurements of
vertical temperature structures over the Antarctic region are important for monitoring the formation of polar stratospheric clouds
(PSCs) which is a critical factor in the ozone variation. On the other hand, the Ozone Monitoring Instrument (OMI) in the Aura
mission observes for total ozone and other atmospheric parameters related to ozone chemistry and climate. The instrument ob-
serves Earth’s backscattered radiation with a wide-field telescope feeding two imaging grating spectrometers. In this work, more
than 6 years observation will be analyzed to provide a quantitative comparison of ozone and atmospheric temperature variation
in Antarctic.
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Comparison of atmospheric profile from ceilometer and UAV in the fog forest in central
Taiwan.
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Xitou region, as the epitome of mid-elevation fog forest ecosystem in Taiwan, possesses a rich diversity of flora and fauna
and is a famous forest recreation area. Long-term microclimate are monitoring more than 80 years by the Experimental Forest,
National Taiwan University. Preliminarily study indicated the mean temperature was 17.05oC in Xitou region from June 2005
to May 2013 which was 0.7oC warmer than the 1980s. The warming rate was about 0.29oC/Decade for the above-mentioned
period while from the 1940s to the 1980s it was about 0.1oC/Decade. It was nearly three times the warming accelerates. More-
over, literature reviews showed the frequency of foggy days was 87.7% in 2005 and decreased to 75.6% in 2011 (Liang et al.,
2009; Wey et al., 2011). These situation may be accompanied with a very rapid development of local tourist industry in Xitou
region driven by tourists number increased from 1 million/year in 1999 to 1.8 million/year in 2014. The global warming and the
landscape changes could also be the most likely factors causing the dramatic warming accelerates and also decreasing the foggy
frequency.

For the purpose of understanding the characteristics of fog layer, atmospheric profile observations from ceilometer and un-
manned aerial vehicle (UAV) carrying self-developed measurements were compared from October to December in 2014. The
results showed UAV can observe up to 1200m height above ground level and it is more economical than traditional radiosonde
instruments. The height of atmospheric boundary layer of Xitou valley was close to the around mountain ridges (˜2000m a.s.l.)
which was similar to the previous radiosonde observations (Wang, 2011). The ceilometer could provide water vapor profile under
high temporal resolution; however it might underestimate the thickness of heavy fog due to the inability of clearly identifying the
top height of the fog from the limit of laser power. A total solution of integrating ceilometer, UAV and remote sensing technology
for monitoring/understanding the characteristics of Xitou microclimate change are on-going.

Keywords: microclimate, fog characteristics, ceilometer, unmanned aerial vehicle, global warming, landscape changes
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