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Accuracy of Boundary Layer Temperature Profiles
Retrieved With Multifrequency Multiangle

Microwave Radiometry
Susanne Crewell, Member, IEEE, and Ulrich Löhnert

Abstract—The potential of a ground-based microwave temper-
ature profiler to combine full tropospheric profiling with high-
resolution profiling of the boundary layer is investigated. For that
purpose, statistical retrieval algorithms that incorporate observa-
tions from different elevation angles and frequencies are derived
from long-term radiosonde data. A simulation study shows the
potential to significantly improve the retrieval performance in the
lowest kilometer by combining angular information from rela-
tively opaque channels with zenith-only information from more
transparent channels. Observations by a state-of-the-art radiome-
ter employed during the International Lindenberg Campaign for
Assessment of Humidity and Cloud Profiling Systems and Its
Impact on High-Resolution Modeling (LAUNCH) in Lindenberg,
Germany, are used for an experimental evaluation with obser-
vations from a 99-m mast and radiosondes. The comparison not
only reveals the high accuracy achieved by combining angular and
spectral observations (overall, less than 1 K below 1.5 km), but
also emphasizes the need for a realistic description of radiometer
noise within the algorithm. The capability of the profiler to observe
the height and strength of low-level temperature inversions is
highlighted.

Index Terms—Atmospheric boundary layer (ABL) profiles,
ground-based microwave radiometry, remote sensing, vertical
resolution.

I. INTRODUCTION

M ICROWAVE profilers that measure several frequencies
along the 60-GHz oxygen absorption complex are well

established for observing the atmospheric temperature profile
from the ground as well as from space. From the ground,
observations are typically taken in zenith direction at about
five to ten frequency channels from 50–60 GHz [1]. The root
mean square (rms) accuracy of this method is about 0.6 K close
to the surface and degrades to about 1.5–2 K in the middle
troposphere [2]–[4]. The vertical resolution is often defined as
the half-width of the vertical interlevel covariance function of
the retrieval errors, which decreases rapidly from about 500 m
at a height of 300 m to 1 km at a height of 500 m [2], [3].
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Because the development of the atmospheric boundary layer
(ABL) is of special interest due to the large transfer of energy
between the surface and the atmosphere, a high vertical res-
olution is desired. Therefore, one-channel systems operating
around 60 GHz have been developed [5], [6], which derive
profile information from elevation scanning. By assuming hor-
izontal homogeneity of the atmosphere, the observed radiation
systematically originates from higher altitudes the higher the
elevation angle is. Since these brightness temperatures (TBs)
vary only slightly with elevation angle, the method requires a
highly sensitive radiometer that is typically realized by using
wide bandwidths up to 4 GHz. The resulting vertical resolution
has been estimated using the Dirac delta function to decrease
from 8 m at a height of 10 m to about 300 m at a height of
400 m and improve the accuracy better than 1 K by compar-
ison with observations from a 300-m tower [7]. The use of a
single highly opaque channel limits the information content to
altitudes below 600 m.

To extend the vertical range of the ABL temperature pro-
files, frequency channels with less opacity need to be used.
Cadeddu et al. [8] performed a theoretical study through
a multiresolution wavelet technique for different radiometer
configurations, e.g., angles, channels, and bandwidths. Her
simulations suggest that the scanning configuration with high
sensitivity (large bandwidths) is favorable for altitudes below
1 km; whereas, for altitudes above 1 km, a multifrequency
system with fixed elevation gave a better performance.

In this paper, we investigate whether state-of-the-art mi-
crowave radiometers can observe an optimal temperature pro-
file throughout the atmosphere by a combination of spectral
and angular information. For this purpose, the microwave
radiometer Humidity and Temperature Profiler (HATPRO)
(Section II) and its characteristics are used first in a simu-
lation study (Section III) to describe the theoretical retrieval
performance. Second, an experimental validation (Section IV)
with observations from the International Lindenberg Campaign
for Assessment of Humidity and Cloud Profiling Systems and
Its Impact on High-Resolution Modeling (LAUNCH) 2005 in
Lindenberg, Germany, is performed before final conclusions are
drawn (Section V).

II. MICROWAVE RADIOMETER

HATPRO [9] was designed as a network-suitable low-cost
microwave radiometer that can observe liquid water path
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TABLE I
HATPRO RECEIVER PROPERTIES

(LWP), humidity, and temperature profiles with high (1 s)
temporal resolution. HATPRO comprises total-power radiome-
ters utilizing direct detection receivers within two bands. The
first band contains seven channels from 22.335–31.4 GHz, and
the second band contains seven channels from 51–58 GHz.
The receivers of each frequency band are designed as filter
banks to acquire each frequency channel in parallel. In addition,
this approach allows setting each channel bandwidth individu-
ally. Because profiling the ABL temperature depends strongly
on the sensitivity and accuracy of the channels close to the
oxygen band center, the channels from 56.66 to 58.00 GHz have
a much larger bandwidth than those at lower opacity (standard
250 MHz; see Table I).

The antenna beamwidth for the channels along the oxygen
line is 2◦ full-width at half-maximum with a sidelobe sup-
pression better than 30 dB. Because more than 99.9% of the
received power stems from an angular range of ±3◦, problems
with surface contamination are avoided even at the lowest ele-
vation angle of 5◦ considered here. The radiometer is enclosed
in a radome, which is protected from dew formation by a
strong blower system. Precipitating conditions are reported by
a precipitation detector. Furthermore, environmental sensors for
temperature, humidity, and pressure, as well as a GPS clock, are
present.

The absolute radiometer calibration is performed once at the
start of a campaign using a liquid nitrogen target and continu-
ously for the channels along the water vapor line using the tip-
ping curve procedure. Relative calibration (gain adjustment) is
performed every 5 min by looking at the built-in ambient load.

III. SIMULATION OF RETRIEVAL PERFORMANCE

Statistical retrieval algorithms were developed in a similar
fashion as described in detail by Löhnert and Crewell [11], [12].
Basically, a large radiosounding data set is used to generate
synthetic TB via radiative transfer calculations together with the
corresponding temperature profiles. A multiple linear regres-
sion between TB and atmospheric temperature is derived for
each height from a training data set and evaluated on the basis
of a test data set. Some important considerations in this process
are described as follows.

The database consists of more than 10 000 Lindenberg ra-
diosoundings from 1994 to 2002 with high vertical resolution.

Fig. 1. Mean temperature gradient of radiosonde data set and its standard
deviation (+). During clear-sky scenes (dotted line), temperature gradients
show highest values close to the surface.

The analysis of the soundings emphasizes the importance of
the surface as the largest temperature variations occur close
to it (Fig. 1). The surface temperature itself results from the
equilibrium of the energy fluxes (net radiation, heat conduction
into the ground, and sensible and latent heat). The ABL is, in
contrast to the free troposphere, mostly affected by the surface.
Its height can vary between a few tens of meters (nighttime
stable ABL) to up to 4 km (free convective ABL), depending on
turbulence and static stability. On the average, the Lindenberg
soundings show a typical temperature gradient of about
−0.6 K/100 m above a height of 300 m. For lower heights, the
gradient approaches zero at the ground. Clear-sky cases were
separated from cloudy ones by only considering profiles where
the relative humidity never exceeded 95%. For these cases, the
mean temperature gradient even becomes positive when close
to the ground, indicating the frequent occurrence of temperature
inversions caused by radiative cooling during the night.

The data are divided into a training (N = 5334) and a
test (N = 4954) data set. For each sounding, the radiative
transfer for all HATPRO frequencies was calculated based on
the Rosenkranz gas absorption model [10]. We chose, in total,
six elevation angles, i.e., 90.0◦, 42.0◦, 30.0◦, 19.2◦, 10.2◦, and
5.4◦, corresponding to air mass factors of about 1, 1.5, 2, 3,
5, and 10, respectively. Algorithms were developed on a 50-m
vertical grid close to the ground, which gradually degrades to
1 km in the upper troposphere. Note that this grid is finer than
the true vertical resolution of the retrievals but similar to the one
used by current weather forecast models.

The variation of the simulated TB with the angle is rather
small; in 50% of all cases, the TB variation between 5.4◦ and
90◦ is less than 1.8 K at 58 GHz (2.1 K at 57.3 GHz, 2.4 K
at 56.66 GHz, and 6.9 K at 54.94 GHz). When the angular
range is reduced, i.e., the lowest angle is limited to 10.2◦, this
value is reduced to 1.6 K at 58 GHz. This emphasizes that a
highly accurate and stable radiometer is needed to resolve the
TB variations.

If only the angular information is considered at a single
frequency, the three highest frequencies give a similar perfor-
mance up to about a height of 700 m with an rms error of
about 0.7 K. In the lowest 300 m, the error even reduces to
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Fig. 2. RMS error of ABL temperature retrievals based on elevation scans
(six angles) at four selected frequencies (dashed and dotted lines indicated in
the figure). The solid line shows that the combination of TB measured at four
frequencies and six angles gives the best performance. The noise level was
assumed to be 0.1 K, considering the specifications of the HATPRO frequencies
(Table I).

∼0.2 K, showing how direct the measurement is related to
temperature (Fig. 2). The maximum height with an acceptable
rms error of 1 K is at 1 km for the 54.94-GHz channel. This
channel, however, already gives a poorer performance at the
lower levels. Therefore, no channels with lower opacities have
been considered. Clearly, the best performance is achieved
when all the frequencies at all the angles are combined in one
algorithm, giving an accuracy better than 0.5 K throughout the
lowest 500 m. Note the particular retrieval performance at the
ground level: here, the surface temperature depends strongly on
soil moisture and vegetation properties, which are both highly
variable on small scales. Therefore, the turbulent fluxes of
sensible and latent heat show strong horizontal variations close
to the surface, and the adjacent atmosphere becomes inho-
mogeneous. However, already at a height of 50 m, which is
our next vertical level, the diffusive role of turbulence has led
to an effective blending. This decoupling between the surface
and the atmosphere is also the reason why no improvement in
the temperature retrievals is achieved by incorporating in situ
measurements of environmental temperature [4].

It should also be noted that, in reality, other problems that
are not considered in this simple simulation framework might
occur. While close to the absorption center, the opacity is so
high that most of the radiation originates from along a path
of about 300 m; at 54.94 GHz, this path length increases to
about 1–2 km. Especially at the low elevations, very different
surfaces, for example, forests, lakes, or concrete, might change
the atmospheric temperature profile and make the assumption
of horizontal homogeneity invalid.

Now, the following question arises: How does the combined
ABL scanning algorithm compare with the standard zenith
operation mode? Therefore, for the same data set, a retrieval
algorithm making use of all seven HATPRO channels was de-
veloped. In this retrieval, we include quadratic terms of TB
to take into account the higher nonlinearity of the problem.
Close to the surface, this algorithm performs much worse than
the angular one (Fig. 3). Within the lowest ∼800 m of the
atmosphere, the ABL algorithm performs better than the zenith

Fig. 3. Performance of temperature retrievals for zenith (seven channels) and
ABL scanning (four channels, six angles) mode in terms of rms error. Three
different noise levels (0.1, 0.3, and 0.5 K) in TB are assumed.

Fig. 4. Performance of ABL temperature retrievals for different combinations
of observations. Retrieval nomenclature: Xν[z]Y ϕ_RR. X: number of fre-
quencies with elevation scanning; Y : number of elevation angles; and RR:
noise level in Kelvin. The index z indicates that, additionally, three zenith
observations for 51.26–53.86 have been included in retrieval development.

one even if the noise level of the TB is assumed higher than
that of the zenith algorithm (0.5–0.1 K). When the same noise
level is assumed, the zenith algorithm turns superior at an
altitude of about 1500 m. This is about 500 m higher than that
indicated by Cadeddu et al. [8] and can be attributed to the
use of, in total, four frequency channels in the ABL algorithm.
Because the ABL often exceeds 1000 m, the improved accuracy
should be beneficial to ABL studies.

To get one consistent temperature profile covering the full
troposphere, it is clear that more transparent channels need to
be included into the retrieval. The simplest way, e.g., to use
all HATPRO frequencies and all angles, might be problematic
in practice because different air masses might be probed at low
elevation angles. Fig. 4 shows that it is sufficient to add the three
most transparent channels only with their zenith observations
to achieve a similar accuracy as the zenith retrieval at higher
altitudes. If only cloud-free conditions are considered, the angle
information of the transparent channels is also useful at higher
altitudes (more radiation comes from here); even up to an
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TABLE II
HATPRO SETTINGS DURING BOTH OBSERVATION PERIODS

altitude of 4 km, the accuracy is even up to ∼0.3 K better than
the zenith retrieval (not shown).

IV. EXPERIMENTAL EVALUATION

A. Intercomparison Data and Setup

To test the retrieval algorithms developed earlier in this paper,
we use data from the LAUNCH 2005 campaign at and around
the Richard-Aßmann Observatory of the German Weather Ser-
vice (DWD), Lindenberg, Germany (52.17 N, 14.12 E). The
observatory is located ∼65 km southeast of Berlin. Vaisala
RS-92 radiosondes are launched operationally four times a day
(00, 06, 12, and 18 UTC). DWD further operates a ABL mea-
surement site at Falkenberg, 4 km south of Lindenberg. Here,
HATPRO was deployed to compare the retrieved temperature
profiles with observations of temperature and humidity taken at
six levels (10, 20, 40, 60, 80, and 98 m) along a 99-m mast. The
Falkenberg observations are complemented by sonic detection
and ranging/radio acoustic sounding system and a ceilometer
[13]. The area around Lindenberg and Falkenberg is dominated
by farmland, and its altitude varies between 50 and 120 m above
sea level.

Microwave radiometer observations were taken at
Falkenberg starting on September 8, 2005, 9 UTC and
ending on November 1, 2005, 7 UTC. Unfortunately, on
September 17, 18 UTC, the GPS clock failed, which led to an
omission of relative calibrations until this was corrected for
on October 17, 12 UTC. Because the data in this time interval
are of poor quality, they are ignored in the following. The
instrument settings during the two considered periods (A and B)
are given in Table II. The elevation scans lasted about 5 min
each with an integration time of about 30 s at each angle. In
between the scans, zenith observations for LWP measurements
were taken.

B. Comparison With Tower Observations

When the HATPRO observations are compared with the
observations of the 99-m mast, one has to be aware of the fact
that while the tower sensors integrate at one point for 10 min,
HATPRO needs about 5 min for observing the different angles.
Therefore, the time series of the mast observations (Fig. 5) show
a smoother structure than those of the HATPRO data. Some
single spikes occur in the HATPRO observations, which might
be caused by obstacles (for example, people working on the
field site) or strong precipitation, which has not been filtered
out of the data. For the lowest (10 m) and highest (98 m) level

Fig. 5. Time series of (black) mast and (gray) HATPRO observations at the
lowest (10 m) and highest (100 m) mast levels, as well as temperature difference
between these for observation period B. Retrievals with (gray) six angles and
(light gray) five angles.

of the tower, the HATPRO observations match the tower data
very well.

Most interesting is the capability of the system to observe
the strength of ground-level temperature inversions, which
are expressed here as the temperature difference dT between
100 m and the surface (Fig. 5, bottom plot). The overall
agreement is very promising, showing that during clear nights,
the radiative cooling at the surface can lead to inversions with
a temperature increase with a height of more than 4 K. The
radiometer observations show a noisier structure, which seems
to be stronger during daytime (also in period A, not shown here)
and, therefore, might partly be attributed to thermals within the
view of the radiometer. For a more quantitative comparison,
all tower and HATPRO observations that match within 30 min
have been compared (Table III) by means of the standard
deviation of the difference between the two (STD). Regarding
the 4νz6ϕ_0.1 retrieval, an STD of 0.53 K (correlation 0.986)
at the 100-m level achieved over a large range of atmospheric
temperatures (0 ◦C to 30 ◦C at ground level) demonstrates an
excellent performance. It should be noted that no filtering has
been applied, and even rainy scenes are included. The bias
between HATPRO and the mast rather strongly depends on the
type of retrieval algorithm that is used. A bias close to zero
(0.02 K) at 100 m is achieved with the angular information of
the highest four frequencies and the zenith measurement of the
other three channels, assuming 0.1-K noise level (4νz6ϕ_0.1).

During observation period B, the effect of using six versus
five angles can be verified experimentally. When only five
angles (down to 10.2◦) are used, the STD at a height of
100 m only slightly increases (by about 0.1 K) compared to the
six-angle retrieval. However, for the temperature difference, the
retrieval quality is reduced much stronger: The STD increases
by about 0.3 K, and the correlation decreases from 0.89 to 0.72
(Table III). This not only emphasizes the need for including
low-elevation angles, but also puts demands on the angular
resolution of the radiometer.
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TABLE III
COMPARISON BETWEEN MAST AND HATPRO TEMPERATURE AT 100 m
AND dT BETWEEN THE SURFACE AND 100 m IN TERMS OF BIAS, STD,

AND CORRELATION (COR) (Xν[z]Y ϕ_RR, WHERE X IS THE

NUMBER OF FREQUENCIES WITH ELEVATION SCANNING,
Y IS THE NUMBER OF ELEVATION ANGLES, AND RR

IS THE NOISE LEVEL IN KELVIN. THE INDEX Z

INDICATES THAT, ADDITIONALLY, THREE ZENITH

OBSERVATIONS FOR 51.26–53.86 HAVE BEEN

INCLUDED IN RETRIEVAL DEVELOPMENT)

Observation period B includes very complicated structures
in the temperature profiles. Therefore, it would have been
misleading to compare the results achieved with the five-angle
retrieval in period A with the ones of the six-angle retrieval in
period B. As a result, the combined data set (A + B) generally
shows a smaller STD (Table III) than that of period B.

The use of all angles at all frequencies (7ν6ϕ_0.3; see
Table III) leads to a minor degradation of accuracy, indicating a
slight problem with the assumption of horizontal homogeneity.
However, for these lower altitudes, the transparent channels do
not contribute strongly to the retrieval, and no firm result can be
given here.

C. Comparison With Radiosoundings

To further explore the retrieval quality for higher atmospheric
layers, a comparison with the high-quality radiosoundings from
Lindenberg was performed. Here, it is most important to inves-
tigate to which degree complex temperature structures can be
resolved from microwave radiometry. In the lowest ∼400 m,
where the theoretical accuracy is below 0.5 K and the vertical
resolution for a single channel is around 300 m [7], an excellent
agreement can be observed (Fig. 6). At higher altitudes, the
agreement is still good; however, the degradation in vertical
resolution causes an averaging of the temperature profiles to
take place. Especially in situations with more than one inver-
sion, only the lowest one can be resolved. These limitations
are inherent to the observation technique; however, for some
applications like atmospheric model evaluation, this might not
pose a strong handicap as long as the vertical resolution can be
specified and taken into account.

Lindenberg is located 40 m higher than Falkenberg. There-
fore, we compare the radiosonde measurement at 60 m above
ground level at Lindenberg with the HATPRO temperature

Fig. 6. Comparison of selected HATPRO retrievals with corresponding ra-
diosoundings from Lindenberg (dashed). The height is given above the ground
level of Falkenberg.

retrieval and the mast observation at 100 m above sea level
at Falkenberg. It is important to note that this level is above
the typical blending height, and we do not expect deviations
due to the fact that the radiosonde only catches a snapshot
at that level, whereas HATPRO integrates longer. For the 80
samples matched within ±20 min, the radiosoundings are, on
the average, about 0.3 K colder than the mast at Falkenberg
with an STD of 0.37 K. In comparison, the difference between
HATPRO and the mast has a bias of ∼0 K with an STD of
∼0.5 K, indicating the similar quality of all observation types
for the 100-m temperature.

When higher altitudes are compared, additional discrepan-
cies between radiometer and radiosonde observations can occur
due to the spatial difference between the observations. Assum-
ing an average wind speed of 10 m/s, the balloon has drifted
about 6 km away from the site when it reaches 3000 m. With
Falkenberg already 4 km away from Lindenberg, the maximum
difference can be up to 10 km, depending on wind direction.
Because the terrain is quite homogeneous grass and farmland,
significant differences are only expected in broken cloud situa-
tions. Although no degradation in retrieval accuracy occurred in
the lowest 100 m during rain events, it is important to eliminate
these scenes in the comparisons with radiosondes. The reason
is that the emission by rain drops at the transparent frequencies
is significant and is not included in the training data set.

The statistical comparison over the whole period shows that
the STD is best at 100 m (Fig. 7). The lowest level (50 m) value
is slightly worse, because at the corresponding altitude of 10 m
in Lindenberg, surface effects play a role. Above 100 m, the
STD increases with height to about 1 K at 1 km, staying more
or less constant at higher altitudes. Compared to the standard
zenith mode, the temperature retrieval using angular informa-
tion in the lower 2 km is significantly improved. Above 2 km,
both algorithms approach each other and perform similar at a
higher altitude (not shown). The lower the assumed noise level
within the retrieval development, the lower the STD: For the
lower 1.5 km, the STD is reduced by about 0.3 K when the
assumed noise level is assumed to be 0.1 instead of 0.5 K.
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Fig. 7. Comparison of HATPRO retrievals with 80 corresponding radiosound-
ings from Lindenberg (observation periods A and B) in terms of bias and STD
(HATPRO temperature minus sonde temperature). Retrievals were performed
(solid) using zenith observations only, (4ν_0.1) using the angular information
at the four most opaque frequencies, and (4νz_0.5) by further adding the zenith
observation by the more transparent channels.

In terms of bias errors, the radiometer observations con-
taining angular information are slightly warmer than the ra-
diosoundings close to the ground, which is consistent with
the mast observations. The zenith retrieval gives a much
stronger bias, which might be due to bias errors in brightness
temperature (Table I). If the angular information of the four
most opaque channels is used, the bias increases to unac-
ceptable values above 1.5 km. At these altitudes, hardly any
information is contained in the measured TB, and the retrieval
relies on the statistics of the training data set. To use only one
retrieval algorithm for the full troposphere, the best results were
achieved when the three more transparent channels were added
with only their zenith observations. It turned out that the best
results (lowest bias) were achieved when the noise level of the
training data set was at a higher level (0.5 K). If lower values
were used (not shown), the bias error increased strongly with
height. However, the use of the higher noise level reduces the
agreement in terms of STD in the lower 1.5 km. One possibility
to improve this might be the use of different noise levels for
the different channels. This exercise with real data shows that
for statistical retrievals, it is very important to take the bias
errors properly into account, as has already been shown in a
simulation study [12].

V. CONCLUSION

For the first time, an excellent all-weather capability of low
boundary layer temperature retrievals could be demonstrated
for a microwave radiometer, which, at the same time, is able to
perform LWP and tropospheric humidity and temperature ob-
servations. This can be achieved by adding angular information
(down to 5◦ elevation) at multiple frequencies to the standard
zenith observations. A precondition is that the radiometer points
over a homogeneous surface. Comparisons with a 99-m mast
show that these observations allow an accurate detection of

inversions and show a comparable quality of the retrieved
temperatures to those of radiosoundings.

To retrieve a consistent temperature profile with the high-
est accuracy throughout the troposphere, different statistical
algorithms were developed. All algorithms, including angular
information, achieved an improved performance in the lowest
1.5 km with an STD of less than 1 K to radiosoundings.
The best performance throughout the troposphere was achieved
when the four most opaque frequencies were used with their
angular information and the three more transparent channels
were added with only their zenith measurement. For higher
altitudes, a strong sensitivity to the noise level in the training
data set was found, which resulted in unacceptable bias errors.
To further improve the accuracy, a more complex bias analysis
of TB needs to be performed. Furthermore, a better information
combination might be achieved by a physical retrieval algo-
rithm. Because for that purpose a combination with lidar and
cloud radar is desirable [14], the statistical retrievals presented
in this paper will be the preferred choice when standalone
microwave observations are considered.
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