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Abstract—Considered is the application of MTP-5 meteorological temperature profiler used for the re-
mote sensing of vertical profiles of the air temperature in the planetary boundary layer and the lower
one-kilometer layer of the atmosphere. The measurements were carried out in Bergen (Norway) in
2011-2012. The obtained dataset of temperature profiles has temporal resolution of five minutes and
vertical resolution of 50 m. The MTP-5 data are complemented with the measurements of the air tem-
perature and the wind taken at two automatic weather stations and with the measurements of the rain in-
tensity made with the rain radar. Studied is the impact of meteorological conditions and precipitation on
the MTP-5 readings. It is revealed that formation of a thin water film (of ice or, to a smaller degree, of
sleet) on the surface of the sensor cover of MTP-5 has a significant impact on the data of the temperature
monitoring. The removal of intensive precipitation (the precipitation rate is >0.2 mm/hour) improved
the reliability and quality of the temperature profile monitoring. In particular, it is demonstrated that sig-
nificant air pollution and stably stratified atmospheric conditions which lead to low temperatures are re-
liably monitored with this instrument.

DOI: 10.3103/S1068373913100099

INTRODUCTION

In the case of stable atmospheric stratification, when less dense and, hence, potentially warmer air layers
are situated over the denser and cooler layers, the turbulent mixing is suppressed. This results in formation
of thin planetary boundary layers (PBLs), in the increase in the concentration of admixtures in them, and in
the significant decrease (increase) in the temperature of the surface air layer in the case of the negative (pos-
itive) heat balance on the surface [8, 13]. In addition, the height of PBL is limited by the superimposed at-
mospheric stratification over PBL [15] which can result in the development of PBL with the thickness of
about 100 m even in the case of low stability near the surface. Moreover, having been formed for one or an-
other reason, the stably stratified PBL has a trend towards the stability increase in the upper part; this weak-
ens still more the transfer of the angular momentum from the free atmosphere to the underlying layers of
PBL, suppresses the turbulence in PBL, and results in the further intensification of different severe weather
phenomena in the surface air layer [7]. Stable stratification is rather widespread in nature. First of all, it is
formed almost every night over the land surface. Stable PBLs are typical of the areas occupied by the water
bodies which lower surface temperature is less than the air temperature; this is especially typical of the ar-
eas of cold oceanic currents and upwelling. In winter months, stably stratified PBLs are common over the
ice-covered Arctic Ocean surface as well as in the anticyclones formed over the snow-covered continents.
Nevertheless, the processes in such PBLs have been studied insufficiently, and, in particular, the problem of
the adequate description of turbulent exchange in the surface layer has not been solved yet [4].
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The monitoring of the stratification of the lower atmosphere and especially of PBL is an essential
component of the systems of diagnosis and prediction of weather phenomena and the air quality. At present,
such systems are based on numerical models of atmospheric circulation and admixture transport. These
models apply the parameterization of turbulent mixing and of PBL height using a set of large-scale para-
meters and universal functions, in particular, the resistance laws considered in details in [5, 14-16]. The
resistance laws enable to determine the profiles of the wind and temperature characteristics in PBL; however,
there is a number of external parameters which should be determined from independent observations or
obtained from large-scale meteorological models. In particular, one of the major external parameters is the
potential temperature gradient in the free atmosphere over PBL, i.e., the superimposed stratification.

It seems to be difficult to determine the stratification in the upper part of PBL and in the lower atmo-
spheric layer using the traditional observational tools. Routine aerological data come from the higher alti-
tude than the typical thickness of stably stratified PBLs. As a rule, the vertical resolution of these data is in-
sufficient to allow the inversion in the upper part of PBL. At the same time, the meteorological masts with
the height of 200—500 m are unique objects which cannot be installed at any place, where the need in PBL
monitoring arises. Under these conditions, the remote sensing with application of the enhanced version of
MTP-5 meteorological temperature profiler [6, 11] enables to solve the problem of the temperature profile
monitoring up to the height of 1000 m with the high spatial and temporal resolution.

One of the main difficulties of MTP-5 operation is associated with the formation of the water (ice or sleet)
film on the surface of the sensor cover. It is known that under these conditions the measurement results
provide the more isothermal temperature profile than the one measured with thermometers at the meteoro-
logical mast. The paper [9] compares the readings of MTP-5 and those of the thermometers at the meteo-
rological mast in Obninsk for the cases with intensive precipitation observed during the summer 2009.
Three typical cases of the temperature profile distortion were singled out, and in the case of intensive
precipitation this distortion reached 2°C for the upper levels of the measurement.

Although the physical nature of the distortion of the temperature profile measured by MTP-5 is clear
enough, the meteorological and climatic significance of distortions under concrete conditions of operation
still remains unclear. In particular, to parameterize PBL in numerical prediction models and to construct
statistical regression models of the air quality, it would be desirable to estimate the results of the remote
sensing of the temperature profile under different meteorological conditions as well as the contribution of
the temperature profile distortions to the averaged values of PBL stratification.

In the present paper, the results are presented of the analysis of the remote monitoring of the temperature
profile in lower atmospheric layers in the valley, where Bergen (Norway) is located. The analysis is carried
out using the temperature monitoring data for 2011-2012. Good meteorological equipment of the Bergen
valley enables not only to carry out the analysis of the climatology of temperature profiles but also to compare
the MTP-5 data with the independent temperature observations near the surface and at the higher levels on
the slopes of the valley. Moreover, the simultaneous monitoring of precipitation with the meteorological
radar enables to study the MTP-5 data sensitivity to the presence and intensity of precipitation.

BRIEF DESCRIPTION OF MTP-5 INSTRUMENT AND THE AREA
AND CONDITIONS OF OBSERVATIONS

The MTP-5 modified meteorological temperature profiler (produced by NPO ATTEX, Russia, www.at-
tex.net) was installed on the measurement site of the Geophysical Institute of University of Bergen on Feb-
ruary 8, 2011. The MTP-5 has a certificate of confirmation of the measurement tool type Ru.C.32.002.A
No. 45688 and CE international safety certificate. It was worked out for measuring temperature profiles
from the level of installation to the height of 1000 m regardless of weather conditions. The instrument passed
the series of international comparisons with different alternative measurement systems: radiosondes, RASS,
meteorological masts, etc. [6, 12]. Following the results of the series of comparisons and tests in 2011, the
instrument is included in the “Quality Assurance Guidance for the Collection of Meteorological Data Using
Passive Radiometers” worked out by the U.S. Environmental Protection Agency [10]. Technical character-
istics of MTP-5 are presented in the table.

The operation principle of MTP-5 is described in details in [1, 11]. The method is based on measuring
the intrinsic heat radiation of molecular oxygen at the frequency of 60 GHz (the wave length is 5 mm) with the
scanning radiometer. The radiation is measured in terms of the brightness temperature converted into the
atmospheric temperature by means of solving the Fredholm equation of the first kind. This problem is
mathematically incorrect, and the instability of its solution can be removed using the methods of statistical
regularization. In the elevation method used in MTP-5, the correct retrieval of the temperature profile
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Technical characteristics of MTP-5 profiler produced by NPO ATTEX

Characteristic Value

Height range of the temperature profile measurement 0-1000 m
Vertical resolution of the data in the layer of 0—100 m 25 m
Vertical resolution of the data in the layer of 100-1000 m 50 m
Sensitivity (at the constant of the measurement time = 1s) Not more than 0.1 K
Measurement accuracy (standard deviation (SD)) +(0.2-1.2)°C
Accuracy along the vertical 25%
Operational range of temperature —=50...40°C
Standard interval of measurements 5 minutes
Weight 25 kg
Power supply 220V, 2 A, 50-60 Hz
Power consumption

maximum 120 W

mean 60 W
Output voltage of the power unit 13.84+2V, [,,<6 A
Communication with the personal computer RS232
Calibration Automatic
Diagnostics Automatic

requires that the radiation come from the atmospheric layer prespecified for each of measurement angles. In
the opposite case, due to the regularization, the mathematical algorithm operates with the radiation coming
from the smaller distance and not containing the information about the temperature of the layer. In case of
the wave length of 5 mm, on the way to the receiver, radiation should experience the effects of reflection,
absorption, and scattering on water and snow particles. These effects have been noted before and are
partially characterized in [12]. As a rule, they cause a small (about 0.1°C) error in measurement results.
More serious problems are caused by the formation of the water film on the sensor cover in MTP-5.

Figure 1 gives the idea of the external appearance, location, and orientation of the MTP-5 microwave ra-
diation receiver during the measurements. The measurement site is located at the height of 45 m above the
sea level and at the height of 33 m above the level of Bergen meteorological station (its conventional name
is Florida). The measurement site and the station are equipped with many measuring instruments that enables
to carry out the cross-sectional analysis of the quality of measurements and their sensitivity to different me-
teorological conditions. In the present paper, the quality was assessed by means of comparing independent
temperature measurements using MTP-5 and temperature sensors by Aandera Data Instruments Company.
The sensitivity of measurements was studied with respect to the amount and intensity of precipitation
measured with the meteorological micro rain radar and with respect to the mean air temperature during the
observation. The more detailed information about the instruments installed in the Geophysical Institute is
presented on the website http://veret.gfi.uib.no/.

Besides the measurements on the Florida site, the temperature measurements on the slopes of Ulriken
Mountain were used (the station with the conventional name Ulriken is located at the height of 602 m above
the sea level or 557 m above the level of the instrument). This enabled to study the quality of the retrieval al-
gorithm of the temperature profile in MTP-5 using the long series of observations at two levels.

The data obtained with MTP-5 from February 10, 2011 to September 1, 2012 were used for the statisti-
cal analysis. During this period, the measurements were carried out in the continuous mode with the spatial
resolution of 50 m (the height range of 45—-1045 m) and temporal resolution of five minutes (12 temperature
profiles per hour, 288 profiles per day). Since other temperature measurements are of hourly resolution, the
MTP-5 data were also averaged for each hour of observations. The one-hour intervals during which at least
one failure in the operation of the instrument was detected were removed from the database.

In early September 2012, the resolution of the instrument was increased to 25 m in the lower 100 m of
PBL. Although the preliminary analysis demonstrates that the quality of the temperature profile retrieval at
least did not worsen, the authors do not have the sufficient statistics for the more detailed qualitative
analysis.
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Fig. 1. Meteorological temperature profiler produced by NPO ATTEX (Russia, www.attex.net). The instrument is installed
on the measurement site of the Geophysical Institute of University of Bergen at the height of 45 m above the sea level. The im-
age is dated from February 8, 2011.

ANALYSIS OF MONITORING RESULTS IN 2011-2012

One of the main problems of the monitoring of the air temperature profile using MTP-5 is the screening
of radiation of oxygen molecules by the water drops on the surface of the sensor cover and, to a certain de-
gree, along the direction of the measurement during intensive or durable precipitation. The climate of
Bergen is characterized by the large amount of precipitation (the annual norm is 2260 mm) with the maxi-
mum in autumn (283 mm of precipitation in September). The precipitation mainly falls from the clouds
with the cloud base below 1000 m. The use of the models of radio wave absorption demonstrates that the
contribution of thick clouds with the water supply of 2 kg/m? and the cloud base of 300 m to the total error
of the retrieval of the temperature profile from MTP-5 is 0.07°C only; this is commensurate with the mea-
surement errors [2], because the water film on the protection cover can distort them rather significantly.

Figure 2 presents the diurnal course of the temperature profile in the case of precipitation. The consid-
ered day of September 6, 2011 is rather typical that enables to understand qualitative changes in the MTP-5
data caused by precipitation. Firstly, it can be noted that even small precipitation (for example, in the first
half of the day) distorts considerably and dramatically the temperature profile although do not result in the
absolutely isothermal stratification. Only the precipitation with the intensity of more than 2 mm/hour re-
sults in the practically complete isothermal stratification. Secondly, as clear from the figure, the intensity of
precipitation is variable that leads to the partial retrieval of the temperature profile during the periods of
low-intensity precipitation. However, such retrieval needs several consecutive scans (in the given example,
up to three scans or up to 15-20 minutes). Therefore, the authors divided the observational time into
one-hour periods without precipitation (dry periods), i.e., with the complete absence of precipitation during
the observational hour, periods with small precipitation (moist periods), when total precipitation was less
than 0.2 mm, and periods with precipitation.

It is clear from Fig. 3 that the measurement errors can be divided into four classes depending on the pre-
cipitation intensity. If there is no precipitation, the mean value of the difference between the data of the sta-
tion and MTP-5 is minimal for the whole dataset and amounts to 0.83°C; this is in a rather good agreement
with the results of other studies. In the case of small precipitation, this difference increases and reaches the
maximum at the precipitation intensity of more than 2 mm/hour. Thus, it can be asserted that in the case of
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Fig. 2. Sensitivity of MTP-5 temperature profile to the presence and intensity of precipitation. (a) Diurnal variations of
temperature on September 6, 2011 at the specified levels (the upper curve is 45 m above the sea level; further upwards, at
every 50 m); (b) diurnal variations of precipitation intensity on the same day.
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Fig. 3. Statistical analysis of the impact of the presence and intensity of precipitation on the difference AT= Tyrp.s — T at the
Ulriken station level (602 m above the sea level and 557 m above the level of the instrument). Conditions without precipita-
tion (dry) determine the mean (/) and the variance of the temperature difference between MTP-5 and the station due to the lo-
cation of the station near the surface; (2) standard deviation (the value of SD/2 is presented) for the given range of precipita-
tion intensity; (3, 4) the mean minus and plus SD, respectively. Conditions without precipitation (dry), with the precipitation
intensity of less than 0.2 mm/hour (moist), and with the precipitation intensity of more than 3.0 mm/hour are singled out into a
separate category and are demonstrated in the form of signs and vertical lines defining one standard deviation.

such precipitation intensity, the surface of the protection cover is completely wet during the time between
two consecutive scans of temperature profile.

The relationship between the difference in the temperature measured with MTP-5 and independent tem-
perature sensor at the same level and the mean temperature in the hour of observations is presented in Fig. 4
(Florida station level, 45 m above the sea level) and Fig. 5 (Ulriken station level, 602 m above the sea level).
As clear from the figures, there is a small mean deviation (AT = Tyrps — Ty = (-0.24 £ 0.15)°C) in MTP-5
readings at the lower level. This deviation as well as its variance for the hourly data does not practically de-
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Fig. 4. Dependence of the temperature difference AT = Tyrp.s — T obtained from the measurements with MTP-5 and at
Florida station (45 m above the sea level) on the mean temperature in the hour of observations. Permissible measurement
errors of the instrument presented in the table are given in the form of the grey rectangular and the dotted lines. (a) Tempera-
ture difference for the hours with precipitation is shown with the black bold lines (the mean value in the temperature interval,
by the dashed line and the mean + SD, by the solid lines) and with the grey tint between them. Temperature difference for the
hours without precipitation is shown with the white line (the mean only); (b) the number of one-hour intervals N during which
the precipitation of more than 0.2 mm was registered for each specified temperature range.

pend on the temperature and precipitation. The value of the obtained deviation is comparable with the nom-
inal accuracy of the instrument (0.2°C, see the table); however, these two values are of different origin. The
instrument error is obtained for the ideal calibration conditions, whereas the obtained deviation character-
izes the impact of specific local conditions of the instrument installation, in particular, the formation of sur-
face inversions on the sloping surface of the valley. Due to the slope of the valley surface, the first level of
temperature profile measurements has a smaller height above the surface than the instrument. Thus, the in-
strument receives the radiation from the levels being actually closer to the surface and, hence, being colder.
This results in the negative difference between the temperatures registered with MTP-5 and the independent
sensor, especially in the case of low mean temperature.

At the Ulriken station level, the mean temperature difference is AT = (0.66 +0.91)°C for the condi-
tions without precipitation and A7 = (1.2 £ 1.0)°C for the conditions with the precipitation of more than
0.2 mm/hour, i.e., MTP-5 regularly registers higher temperature than the station does. The increase in this
difference can reach 5°C/km for the conditions with precipitation, i.e., actually, can reach the difference
between the real moist-adiabatic and obtained isothermal temperature profiles in the case of precipitation.
This difference can be explained by the increase in the number of isothermal temperature profiles in the case
of precipitation. The climate in Bergen can be rather distinctly divieded into two weather-circulation
regimes [3], that is, the regime of the zonal transport with the large amount of precipitation and the
moderate air temperature and the regime of atmospheric blocking, when precipitation is practically absent
and the temperature can be low (in winter) or high (in summer). This peculiarity of the Bergen climate is
indicated in the nature of the dependence of the temperature difference on the hourly temperature. Figure 5a
clearly demonstrates the typical “flexure” of the dependence towards the large values of the difference in
the temperature range of 0—10°C. At the same time, if the temperature is below 0°C, when precipitation is
mainly in the form of the snow and the water film does not cover the radiation receiver, the temperature
difference stops depending on precipitation. This observation is in a good agreement with the results of [12],
although the instrument registers the isothermal profile of temperature in the case of the sticking or rapid
freezing of sleet.

Another interesting feature shown in Fig. 5a is that the MTP-5 measurements register the higher value of
temperature at the Ulriken station level even during the periods without precipitation. In the case of the rela-
tively low temperature in winter (below —5°C), there is no change in the sign of the difference as it could
be expected judging from the idea that the surface of the slope is intensively cooled with the thin surface air
layer at the negative wintertime heat balance. Such effect is really observed at the wind speed of less than
5 m/s. These cases are removed from the analysis. Thus, probably, there is a certain systematic error of the
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Fig. 5. The same as in Fig. 4 for Ulriken station (602 m above the sea level).

temperature profile which underestimates the temperature gradient approximately by 1°C/km. The
temperature gradient underestimation means the slightly higher atmospheric stability according to the data
of the instrument as compared with the really observed one. On the other hand, it should be taken into
account that Florida and Ulriken stations are spaced apart, and the atmosphere, especially in the areas with
the complex terrain, may not be flatly stratified.

CONCLUSIONS

The analysis of the large number of temperature profiles retrieved as a result of the remote sensing of the
atmosphere with MTP-5 in 2011-2012 demonstrated that the instrument is reliable for monitoring the strat-
ification of the lower atmosphere and PBL. The mean difference between the temperature profile retrieved
from the data of the brightness temperature measurement and the profiles obtained from independent obser-
vations does not practically depend on meteorological conditions except the cases of heavy precipitation.
The mean difference in the values of temperature was estimated at (—0.24 + 0.15)°C at the level of the in-
strument installation and at (0.66 + 0.91)°C at the Ulriken station level (557 m above the level of the instru-
ment). These differences do not exceed the measurement errors presented in the passport of the instrument
but in total give the slightly more stable atmospheric stratification than the real one. Since the thickness of
PBL can be quite sensitive to the stratification of the free atmosphere [5, 15], this error should be taken into
account when using the data of the temperature profile monitoring for the works on the air quality predic-
tion and calibration of PBL parameterization in numerical models.

The major problem of the temperature profile monitoring with MTP-5 is the formation of the water film
(of ice or, to a smaller degree, of sleet) on the sensor cover. The visible effect of such film in these measure-
ments is the sudden transition to the partially or completely isothermal atmospheric stratification. Since the
lower atmosphere is, as a rule, well mixed, in the case of precipitation the temperature profile error depends
on the height as the moist adiabatic curve for the given temperature [7].
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