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Abstract

:

Water vapor column density, or vertically-integrated water vapor (IWV), is monitored by ground-based microwave radiometers (MWR) and ground-based receivers of the Global Navigation Satellite System (GNSS). For rain periods, the retrieval of IWV from GNSS Zenith Wet Delay (ZWD) neglects the atmospheric propagation delay of the GNSS signal by rain droplets. Similarly, it is difficult for ground-based dual-frequency single-polarisation microwave radiometers to separate the microwave emission of water vapor and cloud droplets from the rather strong microwave emission of rain. For ground-based microwave radiometry at Bern (Switzerland), we take the approach that IWV during rain is derived from linearly interpolated opacities before and after the rain period. The intermittent rain periods often appear as spikes in the time series of integrated liquid water (ILW) and are indicated by ILW ≥ 0.4 mm. In the present study, we assume that IWV measurements from radiosondes are not affected by rain. We intercompare the climatologies of IWV(rain), IWV(no rain), and IWV(all) obtained by radiosonde, ground-based GNSS atmosphere sounding, ground-based MWR, and ECMWF reanalysis (ERA5) at Payerne and Bern in Switzerland. In all seasons, IWV(rain) is 3.75 to 5.94 mm greater than IWV(no rain). The mean IWV differences between GNSS and radiosonde at Payerne are less than 0.26 mm. The datasets at Payerne show a better agreement than the datasets at Bern. However, the MWR at Bern agrees with the radiosonde at Payerne within 0.41 mm for IWV(rain) and 0.02 mm for IWV(no rain). Using the GNSS and rain gauge measurements at Payerne, we find that IWV(rain) increases with increase of the precipitation rate during summer as well as during winter. IWV(rain) above the Swiss Plateau is quite well estimated by GNSS and MWR though the standard retrievals are limited or hampered during rain periods.
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1. Introduction


Water vapor is the most important gaseous source of infrared opacity in the atmosphere and accounts for about 60% of the natural greenhouse effect for clear sky [1]. Global warming due to man-made emissions of carbon dioxide is amplified by an increase of water vapor abundance in a warmer world. This water vapor feedback is up by a factor of two [2].



Latent heat release by condensation of water vapor is crucial for atmospheric dynamics and energetics. Water vapor is the raw material for cloud and rain droplets. A cold front lifts up the warm moist air so that condensation of water vapor and precipitation occur. Convergence of moist air and subsequent uplift within cyclones, hurricanes, storm cells or convective clouds also lead to precipitation. Atmospheric rivers transport moist air over the oceans to coastal mountains where intense orographic precipitation occurs [3]. Deep convection over the tropical oceans increases IWV and precipitation [4]. Zhang et al. [5] performed a superposed epoch analysis of rain events during the monsoon in China. They found that IWV increased by about 5–10 mm after the onset of the precipitation. Because of measurement limits of the multi-channel microwave radiometer, they only considered rain rates below 12 mm/h. Graham et al. [6] analyzed IWV measurements before and during thunderstorms in the Alps using the GNSS ground station network in Switzerland. They found advection of moist air from the Swiss plain to the Alps so that IWV increased up to 50% when the maximum extent of the thunderstorm development appeared.



These examples show that a positive change of IWV due to the uplift of moist air can be expected when it rains. The present study partly investigates the question if IWV measurements are reliable during rain. There are only a few techniques that can measure IWV when it rains. First of all, water vapor profiles measured by radiosondes are not biased by rain and should be a reference for IWV. Space geodetic techniques (Very Long Baseline Interferometry (VLBI) and GNSS) can provide IWV during rain, though the extra rain path delay of the received microwave signals is usually neglected in the data analysis. The extra path delay of the GNSS signal due to rain droplets was estimated by [7]. They reported that the rain path delay of the ionospheric corrected GNSS signal is almost 20 mm when the signal propagates through 3 km of rain with a rain rate of 50 mm/h.



Microwave radiometers can measure IWV during rain. However, the radiometers have to measure both the vertically- and the horizontally-polarized microwave radiance (V and H). Otherwise, it is not possible to separate between the microwave emission of IWV, cloud and rain liquid water. Battaglia et al. [8] characterized precipitating clouds by ground-based measurements with a triple-frequency, dual-polarisation microwave radiometer. Spaceborne microwave radiometers such as the Special Sensor Microwave/Imager (SSM/I) also can measure IWV during rain [9]. SSM/I is a seven-channel, four-frequency, dual-polarisation passive microwave radiometer system which provided IWV and rain rate data for the study of [4] about the correlation of IWV and rain rate over the tropical oceans.



The IWV trend studies of [10,11] are based on rain-free measurements of IWV by the dual-frequency, single-polarisation, tropospheric water radiometer (TROWARA) at Bern. The observed integrated liquid water (ILW) is less than 0.4 mm during rain-free periods. The IWV trend studies of [10,11] are accurate, since their trend models adequately handle the IWV data gaps of the rain periods in the long-term time series of IWV at Bern. In the present study, we show that IWV during a rain period (ILW ≥ 0.4 mm) can be derived by means of a linear interpolation between the rain-free opacities before and after the rain period. The separation between rain and rain-free data is excellent, since TROWARA with its high temporal resolution of 6–13 s does not overlook intermittent rain and rain spikes. Morland [12] investigated the influence of rain on the IWV measurements of TROWARA. They concluded that TROWARA can measure IWV in light rain conditions with rain rates up to 2.4 mm/h. This is more than the precipitation rate threshold, which is later used in the present study (0.1 mm/10 min).



The present study derives climatologies of IWV during rain and rain-free periods at Bern and Payerne within the Swiss Plateau. The rain rate in Bern and Payerne is mostly below 12 mm/h. The measurement techniques, data analyses and datasets are described in Section 2. The IWV results from TROWARA, radiosondes, GNSS and ERA5 are intercompared in Section 3. A discussion is given in Section 4, while conclusions are presented in Section 5.




2. Instruments, Datasets and Data Analysis


2.1. Radiosonde


We use IWV data, which were derived from radiosonde measurements at Payerne (46.81° N, 6.94° E, 491 m a.s.l), from June 2001 to March 2018. The radiosondes were launched every day at 11:00 and 23:00 UTC. Until January 2017, the Swiss RadioSonde SRS-C34 was used and later it changed to SRS-C50 [13]. The SRS-C34 is manufactured by MeteoLabor and is equipped with a Sippican hygristor measuring the relative humidity with an accuracy of 2% [14].



Payerne is also a reference site of the Global Climate Observing System (GCOS) (https://www.gruan.org accessed on 10 June 2021). The IWV data of SRS-C50 agree with coincident data of the GCOS Reference Upper-Air Network (GRUAN)-certified radiosondes Vaisala RS92 at Payerne: the mean difference and the standard deviation are 0.8± 3.7% [13].



The radiosonde provides vertical profiles of pressure p, temperature T and relative humidity   R H  . The partial pressure of water vapor   p w   is


   p w  = R H   p  s w   ,  



(1)




where   p  s w    is the saturation water vapor pressure. We calculated   p  s w    by means of [15]


     ln  p  s w   = − 2991.2729  T  − 2   − 6017.0128  T  − 1   + 18.87643854 − 0.028354721 T + 0.17838301 ×  10  − 4    T 2        − 0.84150417 ×  10  − 9    T 3  + 0.44412543 ×  10  − 12    T 4  + 2.858487 ln T     



(2)




where   p  s w    is in [Pa] and T in °K.



The water vapor density   ρ w   is related to the water vapor pressure   p w   by


   ρ w  =   p w    R v  T   ,  



(3)




where    R v  = 461.5   J/(°K kg) is the specific gas constant of water vapor. Finally, IWV is obtained by vertical integration of the altitude profile of   ρ w  .




2.2. Rain Gauge


We are using precipitation measurements of a rain gauge at Payerne which has a temporal resolution of 10 min. The rain gauge is part of the SwissMetNet of MeteoSwiss consisting of about 160 automated weather stations in Switzerland. Periods with a precipitation rate >0.1 mm/10 min are marked as rain periods. The rain flags are taken for separation of the IWV data at Payerne into a “rain group” and a “no rain group”. In case of Bern, we are using the integrated liquid water (ILW) measurements of the TROWARA radiometer as an indicator of rain periods (ILW ≥ 0.4 mm). The 0.4 mm-threshold for rain occurrence was found in previous studies, e.g., [16,17,18]. Later in the Section Discussion, we also derive the results for an ILW threshold of 0.2 mm, and the data of the rain gauge at the University of Bern (temporal resolution: 10 min) are also used.




2.3. GNSS Remote Sensing


For the derivation of IWV, we start with the hourly data of zenith total delay (ZTD) which are processed by the Swiss Federal Office of Topography (swisstopo) for the GNSS ground stations at Payerne and Bern. These data were part of a trend study of IWV observed by different measurement techniques in Switzerland [11]. However, the operation of the GNSS station at the University of Bern was stopped in 2017.



ZTD is the sum of the zenith hydrostatic delay (ZHD), the zenith wet delay (ZWD), zenith rain delay (ZD    r a i n   ) and zenith particulates delay (ZD    p a r t i c u l a t e s   ). ZHD is due to the refraction of the GNSS signal by the dry atmosphere, and ZWD is caused by the refraction of the GNSS signal by water vapor [19]. ZD    r a i n    is due to the refraction of the GNSS signal by hydrometeors, and ZD    p a r t i c u l a t e s    is due to the refraction of the GNSS signal by particulates such as sand, dust, aerosols and volcanic ash. Solheim et al. [7] calculated the GNSS path delays due to hydrometeors and particulates. Propagation through 1 km of heavy rain induces a ZD    r a i n    of about 15 mm which is not negligible compared to ZWD.


    ZTD   =    ZHD + ZWD + ZD    r a i n   + ZD    p a r t i c u l a t e s       



(4)






    ZTD   ≈    ZHD + ZWD     



(5)







ZHD of the dry atmosphere is estimated by using the measurement of the surface air pressure at the station. Then, IWV is given by [20]


  IWV = κ  ZWD  



(6)




where IWV and ZWD are both in millimeter. The dimensionless factor  κ  depends on the mean atmospheric temperature   T m   which can be estimated from the surface air temperature. Here, we derive  κ  by this formula


   1 κ  =  10  − 5    (   k 3   T m   +  k 2 ′  )   R v   



(7)




with    k 3  = 3.776 ×  10 5    K   2  /hPa and    k 2 ′  = 17   K/hPa [20]. Please note that Equation (7) contains the factor   10  − 5    while [20] used the factor   10  − 6   . Anyway, Equation (7) delivers a value of about 6.5 for   1 κ   when we insert    T m  = 270   K and    R v  = 461.5   J/(K kg). This agrees with   1 κ   = ZWD/IWV in [21] who found ratios between 6 and 7. Thus, IWV is, in our example, 6.5 times smaller than ZWD.



It is clear that the neglection of ZD    r a i n    and ZD    p a r t i c u l a t e s    in Equation (5) leads to an overestimation of ZWD and IWV during rainy or dusty conditions. To our knowledge, all GNSS data analyses of IWV in the literature are based on Equation (5), even studies about GNSS IWV during heavy rainfall are based on this approximation [22,23]. A theoretical study of [7] indicated that the rain path delay of the ionospheric corrected GNSS signal is almost 20 mm when the signal propagates through 3 km of rain with a rain rate of 50 mm/h. The 20 mm-overestimation of ZWD would induce a positive IWV bias of roughly 3 mm (ΔIWV ≈ 20 mm/6.5). Such rainfalls rarely occur above the Swiss Plateau but our study aims to investigate if some smaller errors of GNSS IWV appear for low and moderate rain rates.




2.4. Ground-Based Microwave Radiometry


Our study analyzes the IWV observations of the TROWARA radiometer at Bern from January 2004 to December 2016. The time interval is constrained by the quality of the ILW data which is good after January 2004 and by the closure of the GNSS station at Bern in January 2017. TROWARA is a dual-channel microwave radiometer (21.4 and 31.5 GHz), and its design and construction were described by [24,25]. The instrument is operated inside a temperature-controlled room on the roof of the building for Exakte Wissenschaften (EXWI) of the University of Bern (46.95° N, 7.44° E, 575 m a.s.l.). The antenna receives the atmospheric radiation inside the room through a microwave transparent window. This indoor operation of TROWARA avoids a bias due to rain drops on the antenna. IWV and ILW are retrieved for rain-free periods (ILW < 0.4 mm), while the rain rate is retrieved when it rains (ILW ≥ 0.4 mm) [18,26,27,28]. The elevation angle of the antenna is 40°, and it points towards South–East. Further details about TROWARA and the retrieval technique are provided by [18,29].



In the following, the measurement principle and the retrieval are briefly explained. The radiative transfer equation of a non-scattering atmosphere is


   T  B , i   =  T c   e  −  τ i    +  T  m e a n , i    ( 1 −  e  −  τ i    )  ,  



(8)




where   τ i   is the opacity of the i-th frequency channel (e.g., 21 GHz) along the line of sight of the radiometer.   T  B , i    is the observed brightness temperature, and   T c   is the brightness temperature of the cosmic microwave background.   T  m e a n , i    denotes the effective mean temperature of the troposphere [18,30].



Equation (8) can be solved for the opacities


   τ i  = − l n     T  B , i   −  T  m e a n , i      T c  −  T  m e a n , i       



(9)




where the TROWARA observations yield the radiances   T  B , i   .



The opacities are related to IWV, ILW, integrated rain liquid (IRL) and integrated snow liquid (ISL) by


   τ i  =  a i  +  b i  IWV +  c i   ( ILW +  G  M , i   IRL )  +  d i  ISL .  



(10)




where   G  M , i    is the Mie gain which increases rapidly for drop diameters larger than 0.3 mm, reaching values up to 7 at 31.5 GHz, and almost up to 10 at 21.4 GHz [26]. Thus, the opacity due to rain is much larger than the opacity due to clouds. It is clear that Equation (10) cannot be solved without additional information, e.g., measurement of the vertically and horizontally polarized radiance. Battaglia et al. [8] were able to retrieve water vapor, cloud water and rainwater by using the measurements of a triple-frequency, dual-polarisation microwave radiometer.



In the case of TROWARA, we can precisely derive IWV for rain-free periods. IWV during rain is derived from linearly interpolated opacities using the rain-free opacities before and after the rainfall. In the present study, we will investigate the goodness of this approximation. In a plane-parallel and rain-free atmosphere, the opacity is linearly related to IWV and ILW


   τ i  =  a i  +  b i  I W V +  c i  I L W ,  



(11)




where the coefficients a and b partly depend on air pressure. The coefficients can be statistically derived by means of coincident measurements of radiosondes and fine-tuned at times of periods with a clear atmosphere [18]. The coefficient c indicates the mass absorption coefficient of cloud water. Parameter c depends on temperature (and frequency), but not on pressure. It is derived from the physical expression of Rayleigh absorption by clouds [18]. After determination of the coefficients, the opacity measurements at 21 and 31 GHz yield the desired parameters IWV and ILW in Equation (11). The temporal resolution of the time series of IWV and ILW is between 6 and 13 s. Figure 1 shows the TROWARA data products for a rainy day at Bern. Rainfall often occurs over a short time interval visible as a spike in the time series of zenith opacity at 31 GHz (Figure 1a) and ILW (Figure 1b). The high temporal resolution of TROWARA permits the fast distinction between rain (ILW ≥ 0.4 mm), and rain-free (ILW < 0.4 mm) periods. During rain-free periods, IWV is precisely measured by TROWARA (blue line in Figure 1c) while during rain IWV is estimated from opacities which are derived by linear interpolation between the rain-free opacities before and after the rain period (Equation (11)). The red line in Figure 1c) shows the estimated values of IWV(rain) during a rainy day at Bern. Nonlinear variations of IWV(rain) are due to the pressure or temperature dependences of the coefficients a, b and c in Equation (11).




2.5. Meteorological Reanalysis


The ERA5 reanalysis is the latest atmospheric reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) [31]. The Copernicus Climate Data Store (CDS, https://cds.climate.copernicus.eu accessed on 14 May 2021) provides hourly IWV data of ERA5 with a horizontal grid resolution of 0.25° latitude × 0.25° longitude. We are not sure if the IWV field is interpolated to the selected locations, in our case Payerne and Bern, or if the CDS web interface only provides the IWV of the nearest grid point. Anyway, the latitude and longitude values in the generated netcdf files of CDS exactly agree with those of the stations in Payerne and Bern.



Since the altitude of the lowest model level is a few hundred meters above the altitude of Payerne, the ERA5 IWV values have to be corrected as described by [32]


  Δ IWV = 4 ×  10  − 4   × IWV ×  (  h  model  orography   −  h surface  )   



(12)




where the altitude values are in meters. In the present study, we have to keep in mind that ERA5 depends on the Payerne radiosonde data which are assimilated into the ECMWF model.





3. Results


In the present study, we derive climatologies of IWV by using all data which are available for one instrument, for example, the hourly GNSS data are not reduced to the two radiosonde launch times per day. Thus, we derive for each data set the optimal IWV climatology. However, the temporal coincidence for the derived IWV climatologies of the different datasets is not strictly fulfilled.



3.1. Payerne


The climatology of IWV is shown in Figure 2 for the different datasets at Payerne from June 2001 to March 2018. First of all, the agreement between the different curves is remarkable. Rain periods are indicated by precipitation rates >0.1 mm/10 min as measured by the rain gauge at Payerne. The uncertainty of GNSS is indicated by the magenta error bar in July which has a size of ±0.7 mm according to the error estimation of [11]. The error of the mean would be too small because of the high number of GNSS IWV samples during a month, and the standard deviation would be too large because of the natural variability of IWV. For the radiosonde (RS), the error of the mean is the limiting factor because of the coarse sampling (two measurements per day). Rainfall events can be easily missed by the radiosonde. The error of the mean is indicated by the cyan error bar which has a size of ±1.2 mm in July. The uncertainty of RS IWV(rain) ranges from about 0.5 mm in winter to 1.2 mm in summer.



During all months, all IWV(rain) curves are about 5 to 6 mm higher than the IWV(no rain) curves. Thus, it makes sense to derive annual mean values which are listed in Table 1. In addition, the IWV(all) curves are only slightly higher than the IWV(no rain) curves so that it is not a big deal when an instrument cannot measure IWV during rain.



Table 1 presents the annual mean differences of the atmospheric states for the different datasets. The mean differences are derived from the 12 monthly mean values. For example, we calculated the annual mean difference between ‘rain’ and ‘no rain’ in this manner


   IWV  ( rain )   −  IWV  ( no rain )   =  1 12   ∑  i = 1  12   (  IWV i   ( rain )  −  IWV i   ( no rain )  )  .  



(13)







The difference between IWV(rain) and IWV(no rain) ranges from 5.25 to 5.78 mm. The RS values are in between the GNSS and ERA5 values. Of course, we should keep in mind that the ERA5 values depend on the assimilated RS data at Payerne. IWV(all) is only slightly greater than IWV(no rain) by 0.16 to 0.17 mm.



In the present study, we consider the radiosonde as the reference instrument. Table 2 shows the mean differences and the root mean square errors (RMSE) of GNSS and ERA5 with respect to the radiosonde. The annual mean differences are derived in such a manner


   IWV ( GNSS , rain )  −  IWV ( RS , rain )  =  1 12   ∑  i = 1  12   (  IWV i   (  GNSS ,  rain )  −  IWV i   (  RS ,  rain )  )  .  



(14)







GNSS and ERA5 slightly underestimate IWV compared to the radiosonde by up to 0.26 mm (GNSS) and 0.72 mm (ERA5).



We would also like to investigate the relationship between IWV and the precipitation rate. Here, we focus on winter and summer in order to avoid the strong seasonal change of IWV around the equinox. Figure 3a shows a logarithmic scatter plot for winter (December, January, February) in Payerne. The rain gauge measurements of the precipitation rate are interpolated to the hourly grid of the GNSS receiver. We only consider the data pairs (IWV   i  , prec   i  ) with a precipitation rate ≥0.1 mm/10 min. The blue stars have a correlation coefficient   r = 0.13 ± 0.04   (with 95% confidence interval). So, the correlation of IWV and precipitation rate is weak. Figure 3b shows the results for summer (June, July, August) in Payerne. The correlation coefficient is   r = 0.18 ± 0.06  . The relationship between IWV and the precipitation rate becomes clear when we apply a moving average over 250 data pairs to the observations. For this sake, the data pairs (IWV   i  , prec   i  ) are sorted in ascending order of IWV. Then, the moving average is shifted from the low to the high values of IWV so that smoothed data pairs are obtained. The red curves in Figure 3 clearly show an increase of the precipitation rate with an increase of IWV for the winter and summer. This result is in a qualitative agreement with the study of [4] about the correlation of IWV and rain rate over the tropical oceans. The precipitation rate at Payerne is mostly below 2 mm/10 min which corresponds to 12 mm/h. A time-lagged correlation analysis is not possible, since the data pairs are irregularly spaced in time. However, it would be interesting to perform a superposed epoch analysis of IWV before, during and after rainfall, in order to study how rain removes the water vapor from the atmosphere. But this is a topic for a follow-on study.



The seasonal variation of the monthly accumulated precipitation is derived from ten years of rain gauge measurements at Payerne and Bern (January 2007–December 2016). The observations before January 2007 were not included because of data gaps in the rain gauge series at Bern. Figure 4 shows that precipitation is increased during summer which is similar to the IWV increase during summer. Precipitation maxima occur in May and July at Payerne and Bern. During all months, the mean precipitation at Bern is greater than at Payerne. This cannot be explained by differences in IWV at the two locations. Possibly, it is due to differences in the advection and convection processes of moist air at Payerne and Bern. Figure 4 shows a large interannual variability of the monthly precipitation which is denoted by the error of the mean (thin lines). On the other hand, the interannual variability of IWV above the Swiss Plateau is quite small [11]. It is beyond the scope of the present study to investigate the reasons for precipitation, and thus we return to the climatology of IWV in the next subsection.




3.2. Bern


Since we have no radiosonde at Bern, we consider the GNSS station as the reference instrument. Later in the Section Discussion, we add an intercomparison between the Bern datasets and the Payerne radiosonde. The climatology of IWV is shown in Figure 5 for the different datasets at Bern from January 2004 to December 2016. Rain periods are indicated by integrated liquid water (ILW) ≥ 0.4 mm. The microwave radiometer (MWR) TROWARA observes IWV, ILW and rain rate with a temporal resolution of 6–13 s [18,28].



Compared to Payerne, the differences between the datasets (MWR, GNSS, ERA5) are greater at Bern. However, the IWV climatologies at Bern also show increased IWV values when it rains for all months. Thus, it makes sense to derive the annual mean values which are listed in Table 3. The estimated uncertainty of IWV is about ±1 mm for MWR and ±0.7 mm for GNSS according to [11]. The error bars are shown in Figure 5 for IWV(rain) in July.



Compared with GNSS and ERA5, the mean differences of the MWR in Table 3 are in better agreement with those of the radiosonde at Payerne in Table 1 with exception of the difference all–no rain. It seems that GNSS and ERA5 at Bern are underestimating IWV when it rains. A comparison between IWV at Bern and Payerne is appropriate since the horizontal distance is about 40 km and both locations are in the Swiss Plateau. However, the altitude of Payerne is about 84 m lower than Bern. This altitude difference causes an increase of the Payerne IWV values by about 0.8 mm in summer compared to Bern (according to Equation (12)).



Table 4 shows the annual mean differences and the RMSE of MWR and ERA5 with respect to GNSS. IWV of MWR(rain) is 1.88 mm greater than GNSS(rain). We will see later that this could be due to a failure of the GNSS station at Bern.





4. Discussion


We found for all months that IWV(rain) is greater than IWV(no rain) by about 3.75 to 5.94 mm. The rain–no rain differences at Payerne are closer together ranging from 5.60 to 5.78 mm. These results agree well with previous studies of [5,6]. Generally, the IWV increase during rain is due to a convergence of moist air and an uplift. The uplift of moist air causes an increase in the water vapor column density. Further, the associated adiabatic cooling of the moist air generates cloud and rain droplets so that a relationship between increase of IWV and increase of precipitation rate is expected. This relationship is obvious in Figure 3 when a moving average is taken over 250 data pairs of IWV and precipitation rate at Payerne.



Generally, the IWV differences between the datasets are less than 1 mm (Table 2 and Table 4) with exception of one difference value: 1.88 mm for IWV(MWR, rain)–IWV(GNSS, rain) at Bern. Our first idea was that the high temporal resolution of 6 to 13 s for the IWV data of the MWR may lead to higher IWV values. Thus, we averaged the TROWARA IWV and ILW data to hourly averages. The results are given in Table 5. In addition, the rain threshold was reduced from 0.4 mm to 0.2 mm which is more appropriate for the smoothed time series of ILW. IWV(MWR, rain)–IWV(GNSS, rain) changed from 1.88 mm to 1.40 mm which is a bit smaller. We also tried an ILW threshold of 0.3 mm but the results remained quite similar. The choice of the rain threshold has some effect on IWV(rain) but the choice is rather limited. For example, if we only consider precipitation rates greater than 0.3 mm/10 min (instead of 0.1 mm/10 min) then the amount of the rain data is strongly decreased which is also not desirable. However, one can expect that IWV(rain) will increase with a higher threshold of the precipitation rate.



The other idea was already mentioned: the IWV curves of the MWR at Bern seem to be similar to those of the radiosonde at Payerne. Using Equation (12), we can decrease the IWV values of the Payerne radiosonde, so that the height difference between Payerne (491 m) and Bern (575 m) and its influence on IWV are adequately accounted. In addition, we use the same time interval (1 January 2004–31 December 2016) for the datasets of Payerne and Bern. Table 6 shows a nice agreement between the MWR at Bern and the radiosonde at Payerne. The differences MWR–RS were less than 0.41 mm which is an excellent result. On the other hand, GNSS and ERA5 at Bern underestimate IWV when it rains by about 1.23 to 1.47 mm compared to the Payerne radiosonde.



Previous studies of [11,12] also compared IWV at Bern with IWV at Payerne. Both locations are in a 40 km distance within the Swiss Plateau, and IWV does not vary so much as precipitation. Indeed, GNSS IWV at Payerne is closer to TROWARA IWV at Bern than GNSS IWV at Bern. This is due to the limitations of the GNSS station at Bern which is located on the top of a large university building. The building has thermal expansions and contractions during the year, which may have an influence on GNSS IWV.



The ILW threshold is certainly the best way to distinguish between rain and rain-free measurements of TROWARA because of the spatial and temporal coincidence of the ILW and IWV measurements of TROWARA. However, the ILW threshold is not so compatible with the precipitation rate limit of the rain gauge at Payerne. This can be seen if the fraction of rain periods are calculated for the different rain criteria. Using the 0.4 mm ILW threshold, the fraction of rain periods is 7.4% for TROWARA at Bern. Using the 0.1 mm/10 min threshold given by the rain gauges at Bern and Payerne, we only get a fraction of rain periods of 3.6% at Bern and 2.9% at Payerne. Thus, we should derive the mean differences of TROWARA, GNSS and ERA5 at Bern with respect to the radiosonde at Payerne when we use the rain gauge at Bern for the distinction between rain and rain-free periods at Bern. Here, the same precipitation limit (>0.1 mm/10 min) is used by the rain gauge at Payerne.



Table 7 confirms most of the results of Table 6. The only remarkable exception is the mean difference MWR-RS(no rain) which changed from 0.02 mm to 0.44 mm. GNSS and ERA5 at Bern still underestimate IWV(rain) by more than 1 mm compared to the radiosonde in Payerne. The underestimation of IWV(rain) by the GNSS station at Bern cannot be explained by the limited standard retrieval which would rather result in an overestimation of IWV(rain). The GNSS at Bern is not as reliable as the GNSS at Payerne. Different to the Payerne GNSS station, the Bern GNSS station was never a part of the automated GNSS network in Switzerland (AGNES) which is operated by the Swiss Federal Office of Topography. The operation of the Bern GNSS station was stopped in 2017. Bernet et al. [11] reported a bias between GNSS at Bern and TROWARA whereas they found a good agreement between the Payerne GNSS and TROWARA. The underestimation of IWV(rain) at Bern by ERA5 (−1.19 mm compared to the radiosonde) is greater than at Payerne (−0.72 mm in Table 2).



The mean differences of MWR, GNSS and radiosonde of the present study are only a bit different from those of previous studies. Differences can be due to the RMSE of the IWV measurements and to different seasons or years of the analyzed datasets. The determination of  κ  in Equation (7) can be slightly different in various studies [21]. Morland [12] obtained rain-free IWV differences of −0.62 to −0.80 mm of TROWARA compared to radiosonde and GNSS respectively. A reason for the negative bias of TROWARA–radiosonde is that [12] did not apply an altitude correction to IWV from the Payerne radiosonde. Since Bern is about 84 m higher than Payerne, the Payerne IWV should be reduced by about 0.67 mm for IWV = 20 mm. Thus, the true bias is closer to 0 mm than reported by [12]. Martin et al. [33] found an agreement between MWR and radiosonde of better than 0.15 mm for rain-free data. In difference to [12], they reported a dry bias of about 0.5 mm for GNSS compared to MWR or radiosonde during rain-free periods. However, in agreement with [33] the present study also found mean IWV differences less than 0.5 mm for rain-free periods. Van Malderen et al. [34] obtained mean IWV differences from −0.3 to 0.5 mm by comparing different measurement techniques with GNSS. Cimini et al. [35] compared IWV measurements from MWR, GNSS and radiosonde during a measurement campaign in Italy and found mean differences between 0.2 and 0.4 mm and RMSE less than 1 mm. Virolainen et al. [36] derived the upper bound of uncertainties for clear-sky measurements of IWV at St. Petersburg and found 0.29 mm for Fourier transform infrared spectrometer, 0.55 mm for GNSS and 0.76 mm for MWR.




5. Conclusions


We intercompared the climatologies of IWV(rain), IWV(no rain), and IWV(all) obtained by radiosonde, ground-based GNSS atmosphere sounding, ground-based MWR, and ECMWF reanalysis (ERA5) at Payerne and Bern in Switzerland. In all seasons, IWV(rain) is 3.75 to 5.94 mm greater than IWV(no rain). The mean IWV differences between GNSS and radiosonde at Payerne are small (less than 0.26 mm). The datasets at Payerne show a better agreement than the datasets at Bern. However, the MWR at Bern agrees with the radiosonde at Payerne within 0.41 mm for IWV(rain) and 0.02 mm for IWV(no rain) (Table 6). We find that IWV(rain) increases with increase of the precipitation rate during summer as well as during winter in Payerne. We showed that the linear interpolation of MWR measurements during rain periods is a good estimate and that GNSS measurements perform well during rain periods. IWV(rain) is quite well-estimated by GNSS and MWR in the Swiss Plateau though the standard retrievals are limited or hampered during rain periods. However, we obtained IWV(rain) for low and moderate precipitation (mostly < 12 mm/h), and measurement of IWV(rain) would be more difficult in regions with heavy rainfall. It would be a challenge to perform a similar IWV study for heavy rainfalls at a tropical observation site equipped with radiosonde, GNSS and MWR.
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Figure 1. Example of a rain day at Bern (5 May 2007). (a) Zenith opacity at 31 GHz (black line) and cumulative rain (blue and red) measured by TROWARA. The solid and dashed green lines are cumulative rain observed by the rain gauge and the optical sensor respectively. (b) ILW observed by TROWARA. The ILW threshold of 0.4 mm separates between rain and rain-free periods. (c) IWV observed by TROWARA. During rain periods (ILW ≥ 0.4 mm), IWV is indicated by the red line. The blue line shows IWV during rain-free periods. 
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Figure 2. Climatology of IWV derived from radiosonde (RS), GNSS and ERA5 data at Payerne from 2001 to 2018. Rain periods are indicated by a precipitation rate > 0.1 mm /10 min as measured by the rain gauge at Payerne. 
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Figure 3. Relationship between the precipitation rate (rain gauge) and IWV (GNSS) in (a) winter and (b) summer at Payerne from June 2001 to March 2018 (double logarithmic plot). Data pairs are shown for a precipitation rate ≥0.1 mm/10 min. The red curve is the moving average over 250 data pairs. 
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Figure 4. Climatology of monthly accumulated precipitation at Payerne (red) and Bern (blue) derived from rain gauge measurements (January 2007 to December 2016). The thick lines with the stars denote the arithmetic mean, and the thin lines denote the error of the mean. 
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Figure 5. Climatology of IWV at Bern from 2004 to 2016. Rain periods are indicated by integrated liquid water (ILW) ≥ 0.4 mm as observed by the microwave radiometer (MWR) TROWARA. 
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Table 1. Mean differences of IWV (mm) and their standard deviations derived for the different atmospheric states at Payerne using the monthly means of Figure 2. Rain periods are indicated by precipitation rates >0.1 mm/10 min.
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	IWV(Rain)–IWV (no Rain)
	IWV(Rain)–IWV (All)
	IWV(All)–IWV (no Rain)





	Radiosonde
	5.60 ± 1.21
	5.44 ± 1.19
	0.16 ± 0.04



	GNSS
	5.78 ± 0.86
	5.63 ± 0.84
	0.16 ± 0.04



	ERA5
	5.25 ± 0.77
	5.08 ± 0.75
	0.17 ± 0.04










[image: Table] 





Table 2. Mean differences of IWV (mm) and root mean square errors (RMSE) of GNSS and ERA5 with respect to the radiosonde. The deviations are listed for the different atmospheric states at Payerne using the monthly means of Figure 2. Rain periods are indicated by precipitation rates >0.1 mm/10 min.
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	GNSS–Radiosonde
	ERA5–Radiosonde





	no rain
	   − 0.26   ( 0.31 )   
	   − 0.37   ( 0.39 )   



	rain
	   − 0.07   ( 0.89 )   
	   − 0.72   ( 1.15 )   



	all
	   − 0.26   ( 0.31 )   
	   − 0.37   ( 0.39 )   
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Table 3. Mean differences of IWV (mm) and their standard deviations derived for the different atmospheric states at Bern using the monthly means of Figure 5. Rain periods are indicated by ILW ≥ 0.4 mm.
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	IWV (Rain)–IWV (no Rain)
	IWV (rain)–IWV (All)
	IWV (all)–IWV (no Rain)





	GNSS
	   3.75 ± 0.86   
	   3.48 ± 0.83   
	   0.27 ± 0.11   



	ERA5
	   4.68 ± 0.85   
	   4.35 ± 0.85   
	   0.34 ± 0.12   



	MWR
	   5.94 ± 1.07   
	   5.52 ± 1.10   
	   0.42 ± 0.14   
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Table 4. Mean differences of IWV (mm) and RMSE of MWR (microwave radiometer) and ERA5 with respect to GNSS. The deviations are listed for the different atmospheric states at Bern using the monthly means of Figure 5. Rain periods are indicated by ILW ≥ 0.4 mm.
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	MWR–GNSS
	ERA5–GNSS





	no rain
	  − 0.31   (0.60)
	  − 0.69   (0.79)



	rain
	  1.88   (1.96)
	  0.24   (0.62)



	all
	  − 0.16   (0.55)
	  − 0.63   (0.74)
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Table 5. Mean differences of IWV (mm) and RMSE of MWR (microwave radiometer) and ERA5 with respect to GNSS. The deviations are listed for the different atmospheric states at Bern. In difference to Table 4, rain periods are indicated by ILW ≥ 0.2 mm, and hourly averages of the MWR data are used.
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	MWR–GNSS
	ERA5–GNSS





	no rain
	  − 0.39   (0.67)
	  − 0.73   (0.84)



	rain
	  1.40   (1.48)
	  0.10   (0.54)



	all
	  − 0.16   (0.55)
	  − 0.63   (0.74)
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Table 6. Mean differences of IWV (mm) and RMSE of MWR (microwave radiometer), GNSS and ERA5 at Bern with respect to the radiosonde at Payerne. The deviations are listed for the different atmospheric states using the monthly means of Figure 5. The IWV data of the Payerne radiosonde are corrected by considering the height difference between Payerne and Bern. All values are calculated for the time interval 1 January 2004 to 31 December 2016.
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Bern–Payerne

	




	

	
MWR–RS

	
GNSS–RS

	
ERA5–RS






	
no rain

	
  0.02   (0.24)

	
  0.33   (0.50)

	
  − 0.36   (0.42)




	
rain

	
  0.41   (1.54)

	
  − 1.47   (1.99)

	
  − 1.23   (1.86)




	
all

	
  0.29   (0.41)

	
  0.45   (0.55)

	
  − 0.18   (0.27)
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Table 7. Same as Table 6 but using the rain gauge at Bern for distinction between rain (>0.1 mm/10 min) and rain-free (≤0.1 mm/10 min) periods at Bern.
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Bern–Payerne

	




	

	
MWR–RS

	
GNSS–RS

	
ERA5–RS






	
no rain

	
  0.44   (0.60)

	
  0.22   (0.51)

	
  − 0.11   (0.21)




	
rain

	
  0.38   (1.24)

	
  − 1.71   (2.12)

	
  − 1.19   (1.55)




	
all

	
  0.48   (0.62)

	
  0.19   (0.49)

	
  − 0.11   (0.19)
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