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ABSTRACT

In this paper, we present a method to retrieve con-
tinuous water vapor profiles from a combination of
a Raman lidar and a microwave radiometer. The in-
tegrated water vapor from the microwave radiome-
ter is used to calibrate the Raman lidar opera-
tionally resulting in small biases compared to ra-
diosondes. The height limitations for Raman lidars
(cloud base and daylight contamination) can be well
compensated by the application of a two—step algo-
rithm combining the Raman lidars mass mixing ratio
and the microwave radiometers brightness tempera-
tures.

1. INTRODUCTION

Water vapor plays a key role in the energy budget
and in the description of the thermodynamic state.
Moreover, it is the most important green house gas.
Besides its high spatio-temporal variability, water
vapor is involved in many atmospheric processes
e.g. cloud formation or the transport of latent heat.
This complicates the implementation of water va-
por in climate or weather prediction models. To
achieve an extensive comprehension spatially and
temporally resolved measurements are necessary. In
the framework of the German research project High
Definition Clouds and Precipitation for advancing
Climate Prediction “HD(CP)?” the intense obser-
vation campaign HD(CP)? Observational Prototype
Experiment (HOPE) was performed in western Ger-
many [1]. During HOPE, both active and passive
remote sensing systems observed the vertical water
vapor distribution. An active method is given by the
Raman lidar technique enabling high vertical resolu-
tion measurements of water vapor. However, these
measurements are highly disturbed by clouds and
daylight. Furthermore Raman lidars need to be cali-
brated with a simultaneously measuring instrument.
All these three problems can be compensated by the
use of a microwave radiometer (MWR). Passive mi-

crowave radiometry provides atmospheric water va-
por observations with high temporal, but limited ver-
tical resolution during both day and nighttime. How-
ever, the integrated water vapor (IWV) can be re-
trieved very accurately and can be used to calibrate
the Raman lidar. In addition, clouds are semitrans-
parent in the microwave region which allows an op-
eration during all weather conditions except for pre-
cipitation.

The synergy of these instruments provides comple-
mentary information on the water vapor structure.
Thus, when both Raman lidar and MWR are measur-
ing collocated and simultaneously, continuous water
vapor profiles can be obtained on a routine basis also
during cloudy conditions. This paper has two major
objectives which are presented after a brief introduc-
tion in the instrumentation and the lidar methodol-
ogy. Firstly, the application of a calibration method
which is only based on IWV from MWR in a very
straightforward way to offer a broad application [2].
Secondly, the development of a two-step algorithm
combining the Raman lidar mass mixing ratio and
the MWR brightness temperature. Applying both
steps, the Kalman filter and the optimal estimation
method, water vapor from within and above a cloud
can be retrieved.

2. INSTRUMENTATION

During HOPE ground—based remote sensing ob-
servations were conducted around lJiilich in west-
ern Germany in April and May 2013. Besides the
Jiillich Observatory for Cloud Evolution (JOYCE)
two further observation sites were temporarily set up
4 km around Jiilich, the Leipzig Aerosol and Cloud
Remote Observations System (LACROS) and the
Karlsruhe Institute for Technologies (KIT) site. The
instruments used in this study will be briefly ex-
plained in the following subsections.
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POLLYXT

The lidar measurements at the LACROS site were
performed with the fully automatic portable mul-
tiwavelength Raman and polarization lidar PollyXT
by the Leibniz Institute for Tropospheric Research
(TROPOS). The system receives backscattered light
at 355, 532 and 1064 nm and Raman scattered light
at 387, 407 and 607 nm wavelengths. Further infor-
mations are given in [3]. No water vapor observa-
tions were performed during daytime due to the high
daylight background. The temporal and vertical res-
olutions amount to 30 s and 30 m, respectively.

2.2. BASIL

The University of Basilicata lidar system (BASIL)
observations were conducted at the JOYCE site dur-
ing the HOPE campaign. In contrast to PollyXT
BASIL performs high resolution and accurate mea-
surements of atmospheric water vapor, in both day
and nighttime due to its more powerful laser. A
thorough description of the technical characteristics,
measurement capabilities and performances is given
in [4]. For water vapor measurements BASIL uses
the same wavelengths as Polly*T. The maximum
resolutions are 1s in time and 7.5m in height, re-
spectively, and can be traded-off to improve the mea-
surement precision.

2.3. MICROWAVE RADIOMETER HATPRO

The humidity and temperature profiler (HATPRO)
is a passive remote sensing instrument that mea-
sures atmospheric emission at two frequency bands
in the microwave spectrum. Vertical humidity in-
formations can be retrieved by observing at seven
frequencies along the 22.235 GHz H2O absorption
line. Along the Oy absorption complex from 51 to
58 GHz vertical temperature informations can be re-
trieved. To obtain atmospheric quantities such as
IWYV, statistical retrievals were used. Such retrievals
are based on a multi-linear regression between at-
mospheric profiles and modeled brightness temper-
atures. Both MWRs from JOYCE and LACROS uti-
lize the same retrieval algorithms based on a long
term dataset of radiosondes.

3. AUTOMATED CALIBRATION

The following section dealing with the calibration of
the Raman lidar mass—mixing ratio is based on [2].
Using the inelastic backscatter from molecular nitro-
gen (N3) at 387 nm and from water vapor (H2O) at
407 nm, the Raman lidar technique enables the de-
termination of water vapor mixing ratio profiles [5].
The mass mixing ratio can be obtained by forming
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Figure 1: Figure 8. (a) Absolute bias between the ra-
diosonde (RS) and Polly*T (black), between RS and
BASIL (red) and between Polly*T and BASIL (green).
(b) Root-mean-square error (RMSE) of the water vapour
mixing ratio. The numbers indicate the sample size. (c)
Coefficient of variation (CV, relative RMSE).

and rearranging the ratio of the Raman lidar equa-
tions for both signals:

Priyo0(2) Ty, (2)
PANQ (2) T/\HZO(Z).

In Eq. (1) identical overlap factors were assumed.
The last term in Eq. (1) describes the differential
transmission ratio at AN, and Ag,o which is not ex-
plained in detail here. The second term indicates
the signal ratio which is directly measured. Differ-
ences in the range—independent Raman backscatter
cross sections for both channels are adsorbed within
the calibration factor C which can be determined
by comparison with a simultaneous measurement
from a reference instrument. Usually, a linear re-
gression between the water vapor mixing ratio from
a radiosonde and the signal ratio Py,0/Py, from
the lidar is used [6] and the calibration factor is de-
fined as the slope of the regression line. However,
in previous experiments radiosondes showed a sig-
nificant sonde—to—sonde variability [7] as well as a
dry bias [8]. Therefore, Raman lidars are often cal-
ibrated by using the IWV retrieved from a MWR.
Using this method C is defined as the ratio between
the IWV measured with the MWR and the integrated
signal ratio from the lidar. C can be calculated from
the mean of each 20 min clear sky interval.

ey

mHQO(Z) =

The calibration factor from PollyXT based on the
IWV from MWR varies only slightly with a rela-
tive error of 5% during the two month of HOPE.
Such high stability of the calibration factor allows
deriving Raman lidar water vapor profiles also dur-
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ing cloudy conditions. In these cases the calibra-
tion factor from the last 20 min clear sky interval
can be applied. With this technique continuous wa-
ter vapor profiles up to cloud base can be retrieved
during all non—precipitating night cases. A statis-
tical analysis of the absolute bias, the root mean
square error (RMSE) and the coefficient of varia-
tion (CV) between the radiosonde and the two li-
dars is given in Fig. 1. For the comparisons with the
radiosonde only clear sky nighttime measurements
within less than 2h before or after the radiosonde
launch time are considered. The profiles are aver-
aged over 20 min and are interpolated to the lidars
height grid. For the comparison between both li-
dars only simultaneous 20 min averages are inves-
tigated. One has to consider that several lidar pro-
files were compared to one RS profile (e.g. lidar
profiles from 21:20, 21:40 and 22:00 UTC to the ra-
diosonde from 23:00 UTC). The biases are largest in
the planetary boundary layer with maximum values
values of about 0.75 g kg ~! mostly induced by inho-
mogeneous conditions at the different measurement
locations (distances about 4 km). Above the plane-
tary boundary layer the bias converges to zero. The
RMSE decreases with height and the CV increases
with height due to the decreasing amount of water
vapor. Finally, these low biases confirm the applica-
tion of the MWR to calibrate the Raman lidar result-
ing in rather accurate profiles.

4. RETRIEVAL

After automatically calibrating the lidar measure-
ment, the two—step algorithm is applied which is
sketched in Fig. 2. If the calibrated profiles are
truncated at the cloud base (determined from the li-
dar 1064 nm channel) they need to be expanded to
the full height range. This is done by the Kalman
filter [10] using a combination of the current cal-
ibrated lidar measurement and an estimated state
which is the time projection of a previous analyzed
state. The resulting filtered state serves as input
to the one—dimensional variational (1D-VAR) algo-
rithm. The optimum estimation of the atmospheric
state by a given MWR measurement of brightness
temperatures (z) and the filtered state as a priori (x)
can be found by minimizing a cost function of the
form [10]:

J®) = F-xTPx—x"] )

+ [z2-F®]'P; 'z - FX)]+Jp.
The time index k is omitted here for clarity. X is
the optimal estimate of the atmospheric state. P¥
and P, denote the error covariance matrices of the

filtered state and the MWR measurement, respec-
tively. J, indicates a penalty term to avoid super-
saturation. The forward model operator F(x) cal-
culates the brightness temperatures from a given
state x. For the modeling of the brightness tem-
peratures from a given profile a non—scattering mi-
crowave radiative transfer model is used for gas ab-
sorption [11] and liquid water absorption [12]. For
the calculation of liquid water a modified adiabatic
assumption is used [13]. J(x) is minimized itera-
tively using the Levenberg-Marquardt method [10].
The iteration starts with a first guess which is based
on the average of 225 radiosonde profiles (during
HOPE) and stops after the convergence criterion is
reached. In summary, the filtered profiles are mod-
ified such that the modeled brightness temperatures
match those measured with the MWR. Figure 3 il-
lustrates the retrieved mixing ratio profiles (a) and
associated errors (b) from a PollyXT observation on
22 April 2013. The time resolution amounts to
Smin. The solid white line indicates the trunca-
tion height. While only using the lidar no water
vapor observation from above the truncation height
is available due to daylight contamination between
18:00 and about 19:30 UTC and strong signal at-
tenuation within clouds (dotted white line). But in
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Figure 2: Sketch of the retrieval scheme. Starting with
an analyzed state X;_; which is projected in time to the
estimated state xE. This state is then combined with the
current lidar measurement y;, to the filtered state XE us-
ing the Kalman filter. x} is then used as the a priori input
to the one—dimensional variational (1D-VAR) assimila-
tion scheme. The a priori profile is modified such that
the modeled brightness temperature match those mea-
sured with the microwave radiometer (MWR) zj, result-
ing in the most probable estimated state X which is again
projected in time in the consecutive step. This figure is
adapted from [9].
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Figure 3: (a) Height-time display of the optimal esti-
mated mixing ratio profiles derived from PollyXT obser-
vations on 22 April 2013. (b) Associated Errors. The
solid white line indicates the truncation height and the
dotted line indicates the cloud base.

combination with a microwave radiometer and by
applying the two—step algorithm water vapor infor-
mation can also be retrieved from within or above
the cloud and during strong daylight contamination.
Between 18:00 and 19:30 UTC the retrieved profiles
are driven by the first guess. Therefore, no precise
layers can be retrieved. At around 22 UTC the pro-
files are truncated due to the routine depolarization
calibration of the lidar. The larger errors near the
surface are caused by the manual increase of the
lidar measurement error to account for the overlap
problem. Above the cloud base an enhanced a priori
error is applied.

5. OUTLOOK

With the presented automatic algorithm continuous
water vapor profiles can be retrieved during all non-
precipitating conditions on a routine basis but with
limited maximum lidar measurement height during
daytime. In the next steps we will evaluate the re-
trieval with radiosonde launches. We plan to apply
the retrieval to the data sets of HOPE and LACROS
in Leipzig. This technique in combination with
Doppler lidar data enables the investigation of turbu-
lent entrainment of water vapor at cloud boundaries.
In the future this algorithm can be implemented in
the Cloudnet data processing [14].
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