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Abstract

:

The Northeast China cold vortex (NCCV) often occurs in spring and summer, causing extreme weather such as rainstorm and hail in Northeast China. The brightness temperature (TB) observations of Microwave Temperature Sounder-2 (MWTS-2) on board Fengyun-3D (FY-3D), which can provide atmospheric temperature in various vertical layers, are firstly limb-corrected and then applied to track the origin and movement of four NCCV cases in June and July 2019. Results show that a cold core is observed at the location of NCCVs in TB observations of channels 4 and 5, whose peak weighting function (WF) altitudes are 700 and 400 hPa, respectively, indicating the cold structure of NCCVs in the middle and lower troposphere. The TB observations of channels 6 and 7, which measure the atmospheric temperature around 250 and 200 hPa, respectively, capture a warm core structure of NCCVs in the upper troposphere and lower stratosphere. Being less affected by the low-level cloud and rain, TB observations of channels 6 and 7 are applied to identify and track the warm cores of NCCVs. The NCCV tracks of movement identified by MWTS-2 observations compare well with those determined by the 500 hPa geopotential height and the 300 hPa potential vorticity (PV) anomaly from the ERA5 reanalysis. Both clearly show that the NCCVs were originated from high latitudes, then moved southeastward, and finally entered Northeast China. The entire process took several days. Therefore, TB observations of MWTS-2 can be used to identify the precursors of NCCVs and monitor their appearances, developments, and movements in time. With the flourishing development of Fengyun satellite series in China as well as the already existing 40 years of microwave sounder observations worldwide, this research provides a new way to investigate the synoptic and climatological features of NCCVs.
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1. Introduction


Cutoff lows are closed low-pressure systems separated from the westerly jet stream in the middle and upper troposphere [1]. East Asia, North America, and Europe are the three major regions with frequent occurrences of cutoff lows in the globe [2]. Northeast China cold vortices (NCCVs) are persistent and quasi-stationary cutoff lows that appear over Northeast China [3]. NCCVs are defined as having a closed contour of geopotential height at 500 hPa and a cold center, being located in the region of 35–60°N, 115–145°E and existing for 3 or more days [4,5,6].



NCCVs could appear throughout the year but most frequently in summer. In fact, about 42% of summer days in Northeast China are affected by NCCVs [7]. Liu et al. (2015) [6] analyzed the NCCVs from May to August from 1948 to 2012 based on the reanalysis data of geopotential height from the National Centers for Environmental Prediction (NCEP) [8] and found that the NCCVs mostly sustained 3–6 days. Huang and Li (2020) [9] employed the ERA-Interim reanalysis [10] to study NCCVs from May to August from 1979 to 2018 and pointed out that the NCCVs mostly originated from the northwest to the northeast of China and moved eastward in summer. According to the historical weather maps in April to October from 1956 to 1990, Sun et al. (1994) [4] showed a seasonal change of the NCCV-active area. They found that NCCVs were mainly active around 52°N in April, then moved southward, and reached the southernmost position near 43°N in June. After June, they slowly moved northward and finally jumped to 52°N in August and stayed there until October. Global reanalysis datasets are excellent for studying the temporal and spatial characteristics of NCCVs but cannot be used to monitor and track the incoming cutoff lows to form NCCVs in real time.



NCCVs often cause cold temperature and persistent rain and flood as well as sudden severe convection in Northeast China [11]. Moreover, despite only a lifetime of several days of an individual NCCV, frequent occurrences of NCCVs could affect the monthly mean temperature in the lower troposphere over Northeast China [12], Meiyu features in East Asia [13], and precipitation in the first rainy season over southern China [14]. He et al. (2006) [13] suggested that if there are frequent and intense activities of NCCVs during the Meiyu period, the dry and cold air from the north could move further to the south, meeting the low-level warm and wet southwest air along the northern edge of the Meiyu region. A vertical structure of dry upper air over wet lower air is favorable for forming an unstable layer conducive to Meiyu rainfall. Therefore, it is important to monitor and study NCCVs from both meteorological and climatological perspectives.



NCCVs have a cold structure in the middle and lower troposphere and a warm and high PV structure in the upper troposphere and lower stratosphere. Zhong et al. (2011) [15] conducted a diagnostic study on an NCCV case in July 2006 with the NCEP reanalysis and found that the NCCV at its mature stage, which was characterized by the 500 hPa temperature trough matching geopotential height trough, had warm and cold structures above and below 300 hPa, respectively. The NCCV-associated high PV dipped down to the middle and lower troposphere. Additionally, using the NCEP reanalysis, Shen et al. (2020) [16] studied 418 cases of NCCV from 2000 to 2018 by dynamic composite method and obtained the warm (cold) structure in the upper (lower) layer in NCCV dynamic composite maps. If these and other features of NCCVs can be spotted in microwave sounding observations of brightness temperature (TB), the TB observations may be used to identify and track NCCVs with real-time satellite observations.



This research explores the possibility of directly monitoring the occurrences and movements of NCCVs with TB observations of Fengyun-3D (FY-3D) Microwave Temperature Sounder-2 (MWTS-2) [17,18]. The first satellite microwave temperature sounder was the Microwave Sounding Unit (MSU) on board the National Oceanic and Atmospheric Administration (NOAA) polar-orbiting satellite Television Infrared Observation Satellite-N (TIROS-N) in 1978, which had only four channels [19]. Since 1998, the Advanced Microwave Sounding Unit-A (AMSU-A) on board NOAA-15 to NOAA-19, and MetOp-A/B/C have added 11 channels [20,21]. More recently, the Advanced Technology Microwave Sounders (ATMS) on board both the Suomi National Polar-orbiting Partnership (S-NPP) and NOAA-20 have been operating with 16 temperature channels, with a new channel added in the lower troposphere [22]. Therefore, there have been more than 40 years of global TB observations from microwave temperature sounders [23]. In China, the first two satellites FY-3A/B of the Chinese second generation polar-orbiting environmental satellite (POES) series Fengyun (FY), which were launched on 27 May 2008 and 5 December 2010, respectively, had been equipped with MWTS, which had the same channel frequencies as MSU [17,18]. The FY-3C and FY-3D launched on 23 September 2013 and 14 November 2017, respectively, were equipped with MWTS-2, which has the same channel frequencies as AMSU-A channels 3–15 [24].



The 13 MWTS-2 channels are located within the 50–60 GHz oxygen band and measure the global atmospheric temperature at different altitudes. So far, some key techniques have been developed for MWTS-2 observations, including data quality control [25], striping noise mitigation [26], and limb correction [27]. MWTS-2 TB observations were successfully applied to study the warm core of typhoons [28,29]. Recently, Niu et al. (2021) [30] pointed out that there are some similarities between the structure of NCCVs and typhoons. They studied the synoptic scale NCCVs using MWTS-2 observations.



This research provides a new way for investigating NCCVs. Compared with the ECMWF reanalysis V5 (ERA5) whose final release would have at least 2–3 months delay [31], polar-orbiting satellites offer global TB observations twice a day and are made available in real time. Radiosonde stations provide real-time data but are too sparse to capture horizontal structures of NCCVs [30]. It is practical to use satellite TB observations for real-time weather monitoring. There are few studies on NCCVs that directly used microwave temperature-sounding observations. Although Niu et al. (2021) [30] creatively verified that the three-dimensional temperature structure of NCCVs can be retrieved from these TB observations, this study is the first attempt to directly apply the microwave temperature-sounding observations for tracking early signals of NCCVs. In this research, four NCCV cases from June to July 2019 are selected to track the origin and movement of NCCVs from MWTS-2 TB observations. Compared with the ERA5 reanalysis, a possibility of using MWTS-2 observations for identifying NCCVs is offered, providing a starting basis for monitoring the occurrence and movement of NCCVs in real time.



This paper is organized as follows. Section 2 briefly describes TB observations of FY-3D MWTS-2 and the ERA5 reanalysis. Section 3 presents a limb correction method applied to MWTS-2 TB observations. Section 4 presents numerical results from a detailed analysis of an arbitrarily selected NCCV case. Vertical structure analysis and tracks of four NCCV cases in June and July 2019 are provided in Section 5. Conclusions and future planned research are provided in Section 6.




2. MWTS-2 Observations and the ERA5 Reanalysis


A meteorological polar-orbiting satellite travels in a circular orbit over the globe at an altitude of about 830 km above the Earth’s surface. It completes roughly 14 orbits around the Earth per day for any remote-sensing instrument on board the satellite to provide two global coverages of observations, which consist of ascending and descending nodes. MWTS-2 on board FY-3D can observe the global atmospheric temperature from the Earth’s surface to about 42 km (or 2 hPa), with 13 oxygen absorption bands whose central frequencies range from 50.3 to 57.6 GHz. These channels primarily measure radiations from the oxygen in the atmosphere, which is mainly determined by the atmospheric temperature, owing to the homogeneous distributions of oxygen in the atmosphere. MWTS-2 scans with a maximum scan angle of 49.5° relative to the nadir, resulting in a swath width of approximately 2350 km. There are 90 fields-of-view (FOVs) along each scan line. The size of the FOV at nadir is about 32 km. Details of channel number, central frequency, and noise equivalent differential temperature (NEDT) are provided in Table 1.



The weighting function (WF) of a channel specifies the relative contribution that each atmospheric layer makes to the radiation emitted to space at a certain wavelength. For a given channel, the greater the WF of a layer, the more the atmosphere of that layer contributes to the TB observations of the channel. In other words, each channel measures the radiation emitted by the atmosphere around the peak WF altitude. WFs of MWTS-2 channels 1–13 calculated by the Radiative Transfer for TIROS Operational Vertical Sounder version 13.0 (RTTOV13.0) [32] with the U.S. standard atmospheric profile [33] as input are shown in Figure 1. The MWTS-2 WFs of different channels nearly evenly distribute in the logarithmic vertical coordinate, making the profiling of atmospheric temperature possible. The peak WF altitudes are provided in Table 1.



The ERA5 reanalysis [31] is the fifth generation of ECMWF reanalysis for the global climate and weather since 1950. Based on the Integrated Forecasting System (IFS) Cy41r2, the ERA5 reanalysis provides hourly estimates of many atmospheric, land, and oceanic climate variables, with 137 vertical model levels from the surface up to 1 Pa. The ERA5 reanalysis is updated daily with a latency of about 5 days, and the final release would be 2–3 months later. Compared with the ERA-Interim reanalysis, the ERA5 reanalysis is endowed with higher temporal and spatial resolutions, making it possible to investigate the evolution of weather systems with more details than other reanalysis datasets. The ERA5 hourly data on 37 pressure levels (listed in Table 2) from 1000 to 1 hPa with horizontal resolution of 0.25° × 0.25°, including 16 atmospheric variables such as geopotential, temperature, and potential vorticity, are used in this research.




3. Limb Correction Method


MWTS-2 is a cross-track radiometer. As the POES FY-3D circles around the Earth between the north and south polar regions, it observes the Earth by consecutive scan lines. Each scan line consists of 90 FOVs of varying scan angles. The scan angle at nadir is zero. A larger scan angle from the nadir corresponds to a longer distance from the observing instrument MWTS-2 to the Earth and a large size of FOV, which makes an observed TB value at largest scan angles differ from that at nadir along the same scan line by several degrees. Such a variation of TB is called the limb effect [34,35]. In the troposphere, where temperature decreases with height, a larger scan angle would obtain lower TB, while in the stratosphere, where temperature increases with height, off-nadir TB observations are higher than those of the nadir [27]. The global TB observations of channel 4 at the ascending node on 21 June 2019, which measures troposphere temperature around 700 hPa, are shown in Figure 2a. The off-nadir TB observations are obviously lower than those near the nadir along each scan line, blurring the weather signals. Under such circumstances, the limb correction is necessary.



The limb correction method was initially designed for TIROS Operational Vertical Sounder (TOVS) [36]. Goldberg et al. (2001) [34] and Zhang et al. (2017) [35] applied the limb correction to AMSU-A and ATMS observations, respectively. Tian et al. (2018) [27] later applied the same limb correction method to MWTS-2 observations. The main idea of limb correction is to adjust the measurements at various scan angles to a fixed one (usually the nadir). The adjacent channels, whose peak WF altitudes are just below or above the given channel, often have strong statistical correlations with the target channel [35]. Therefore, a target channel and its adjacent channels are used as the predictors for the target channel when calculating scan-dependent patterns. The last column in Table 1 lists the predictor channels for each channel of MWTS-2 [27]. The following is a brief description of the limb correction method for MWTS-2.



Supposing that the limb effect of a target channel can be compensated for by using linear combinations of its predictor channels at a given scan angle, the limb-corrected TB    T  b , L C    ( k )     (  i , j  )    of MWTS-2 can be obtained as follows:


   T  b , L C    ( k )     (  i , j  )  =  b i   ( k )    +   ∑  m = k − 1   k + 1     a i   (  k , m  )     (   T b   ( m )     (  i , j  )  −    T b   ( m )     ( i )   ¯   )     



(1)




where  i ,  j ,  k  separately denote FOV number, scan line number, and channel number.    T b   ( k )     (  i , j  )    is the raw TB observation at the ith FOV in the jth scan line of channel  k .      T b   ( m )     ¯   ( i )    is the global mean of raw TB at the ith FOV of channel  m . The limb correction coefficients    b i   ( k )      and    a i   (  k , m  )      ( m = k − 1 , k ,   k + 1 )   are obtained by minimizing the following cost function:


  J  (   a i   (  k , m  )    ,  b i   ( k )     )  =     ∑ φ    (   T  b , r e g    ( k )     (  i , φ  )  −    T  b , n a d i r    ( k )     ( φ )   ¯   )     2   



(2)







Latitude is denoted as  φ , and      T  b , n a d i r    ( k )     ( φ )   ¯    represents the mean TB at channel  k  of the nadir (FOV positions 45 and 46) estimated in every 2° latitudinal band whose center latitude is  φ .    T  b , r e g    ( k )     (  i , φ  )    is defined as:


   T  b , r e g    ( k )     (  i , φ  )  =  b i   ( k )    +   ∑  m = k − 1   k + 1     a i   (  k , m  )     (     T b   ( m )     (  i , φ  )   ¯  −    T b   ( m )     ( i )   ¯   )     



(3)







     T b   ( m )     (  i , φ  )   ¯    is the mean raw TB at the ith FOV at channel  m  of 2° latitudinal band. The limb correction coefficients of each channel at every FOV can be obtained by the above minimization and then added as a correction term to TB observations following Equation (1). Note that the limb correction coefficients need to be updated regularly in time, and observations of MWTS-2 channels 1–4 are recommended to be corrected separately over land and sea due to emissivity differences [35]. In this research, correction coefficients are trained with observations which are 7–10 days ahead of the target time range, and channels 1–4 are corrected over land and sea separately.




4. Results


In this section, an NCCV case from 21 to 29 June 2019 is selected for a detailed analysis. We first describe the limb correction results and show the exact distributions of peak WF altitudes of MWTS-2 channels during the case, then demonstrate the TB observations of the NCCV, and finally illustrate the potential vorticity and tropopause feature of this NCCV case.



4.1. Limb Correction Results


Figure 3 shows the results of the limb correction conducted on MWTS-2 observations from 21 to 30 June 2019 with correction coefficients trained by observations from 10 to 20 June 2019. In Figure 3a, scan dependences of MWTS-2 channels 5–13 global mean TB observations before and after the limb correction are presented. Observations of channels 5–7 are largely influenced by the tropospheric atmosphere, and the off-nadir observations are lower than those of the nadir, which can be called limb darkening [35]. Channels 8–13 mainly measure the temperature of the stratosphere, and their off-nadir observations are higher than those of the nadir, which can be referred to as limb lightening [35]. After the limb correction, the limb darkening and lightening effects of the off-nadir FOVs are reduced, and the off-nadir TB means are closer to those of the nadir. In Figure 3a, thin black contours show limb correction values of channel 6 as a function of FOVs and latitudes at 2° interval. For a given FOV, the limb error generally decreases with latitudes.



Figure 3b,c shows the limb correction results of channels 1–4 over sea and land, respectively. Comparing the blue and green curves in Figure 3b,c, the limb error patterns of channels 1–2 over sea (limb brightening) and land (limb darkening) are different, which results from the low sea surface emissivity and high land surface emissivity in contrast to the atmosphere at these frequencies [35]. The same as channels 5–13, off-nadir TB observations of channels 1–4 are modified to the mean value at nadir. Figure 2 shows the global correction of channel 4 in a more straightforward way. Atmospheric temperature distributions provided by TB observations are clearer after the correction in Figure 2b. All TB observations demonstrated in the following figures are limb-corrected.




4.2. MWTS-2 Peak WF Altitudes


As shown in Figure 1, the peak WF of MWTS-2 channels 4–7 are located in an altitude range from the middle troposphere to the low stratosphere where the NCCV signals in the atmospheric temperature are significantly larger and clearer than elsewhere [15,16]. Channels 1–3 in the lower troposphere are strongly influenced by the underlying surface, and the stratospheric channels 8–13 do not contain obvious signals of NCCVs. Therefore, TB observations of channels 4–7 are used for studying NCCVs.



Besides channel frequencies, the TBs and associated WFs are also affected by topography and atmospheric conditions, such as temperature and moisture. We may examine the WF peak vertical levels of channels 4–7 during the NCCV process in the Northeast Hemisphere using the ERA5 reanalysis at 06:00 UTC 23 June 2019 as input to the RTTOV version 13.0. Results of peak WF altitudes of MWTS-2 channels 5–7 are shown in Figure 4a–c. Also calculated is the thermal tropopause (Figure 4d), which is defined as the lowest level at which the lapse-rate decreases to 2 K km−1 or less and the average lapse-rate between this level and all higher levels within 2 km does not exceed 2 K km−1 [37]. The black solid curves in Figure 4a–c indicate the locations where the peak WF altitude equals the tropopause pressure. The peak WF altitudes are above (below) the tropopause north (south) of the black curves in Figure 4a–c. Peak WF altitudes of MWTS-2 channel 5 (Figure 4a) vary between 390 and 430 hPa, which are in the upper troposphere. Channel 6 peak WF altitudes in high latitudes are in the stratosphere (north of the black solid curve in Figure 4b), and the cutoff low located at (50°N, 80°E) with lower tropopause height than its surroundings (Figure 4d) is especially included. The cutoff lows form as the stratospheric air intrudes into the troposphere and lower latitudes, which leads to the decrease of the tropopause height [38,39]. As shown in Figure 4c, the peak WF altitudes of channel 7 are mostly in the stratosphere in the middle and high latitudes (north of 40°N), while in low latitudes (south of the black solid curve in Figure 4c), where convective activities are strong and tropopause is higher than other latitudes, channel 7 observations mainly focus on the troposphere. Peak WF altitudes of MWTS-2 channel 4 are found to be located between 650 and 720 hPa, which are below the tropopause (figure omitted). Therefore, channel 4 TB observations mainly show the atmospheric temperature in the middle and lower troposphere. In summary, during the process of the NCCV, channels 4–5 observe below tropopause, while channels 6–7 mainly focus on the NCCV in the stratosphere.




4.3. TB Observations of Channels 4 and 6


Geopotential heights at different pressure levels are often used to observe and identify NCCV related low-pressure systems [9,12,16]. Cutoff lows from which NCCVs originate are mainly active in the middle and high latitudes of Asia [9,16], which is the region of concern in this research. In the temperature fields, NCCVs are characterized as cold (warm) core below (above) the tropopause. The observing times of FY-3D MWTS-2 over the NCCV region centered at (50°N, 90°E) are close to 06:00 and 18:00 UTC at the ascending and descending node, respectively. Therefore, daily reanalysis of geopotential height near the peak WF level at 06:00 and 18:00 UTC are chosen to compare with the two nodes of MWTS-2 observations, respectively. In Figure 5, TB observations of channel 4 from 21 to 29 June 2019, along with ERA5 geopotential height at 700 hPa (peak WF altitude of channel 4), are illustrated.



As seen in Figure 5, features of channel 4 TB observations well match those in 700 hPa geopotential heights in middle latitudes, with low (high) TB areas corresponding to low (high) pressure systems. As demonstrated in Figure 5a,b, as a trough located near (65°E, 60°N) evolved gradually, a cutoff low separated from the polar vortex from 21 to 23 June to form an NCCV. The NCCV-related cold anomaly and low pressure trough can be observed from both TB observations and geopotential height. In Figure 5c,d, the closed circulation of the cutoff low formed and moved eastward from (90°E, 55°N) to (105°E, 55°N). From 27 to 29 June (Figure 5e,f), the cutoff low entered the NCCV domain (35–60°N, 115–145°E), and finally weakened, with the low TB center becoming weak and insignificant.



The peak WF altitudes of channel 6 are located around 250 hPa, and the cutoff low is characterized as a local warm anomaly in channel 6 TB observations. In Figure 6a, the high TB centers indicated by the black cross indicate the warm core of the NCCV system in the stratosphere, which is collocated with the 250 hPa trough. The process of formation and movement of the cutoff low observed in Figure 5 can also be captured by channel 6 TB observations, even in a clearer way when the system started to weaken in Figure 6d,e. TB observations of channels 5 and 7 (figure omitted) have similar features to those of channels 4 and 6, respectively. In summary, TB observations of channels 4 and 5 mainly show the cold core of NCCVs in the troposphere, while those of channels 6–7 capture the warm core of NCCVs in the upper troposphere and the low stratosphere.




4.4. Potential Vorticity and Tropopause


Apart from having closed geopotential height contours and temperature anomalous structures, cutoff lows are also associated with a low tropopause, due to an intrusion of stratospheric air into regions that are climatologically troposphere [38,39,40]. Stratospheric potential vorticity (PV) is an order of magnitude larger than those in the troposphere [41]; cutoff lows, therefore, can also be recognized as high PV centers [15,39,40]. The level at which PV equals 2.0 PV units (1 PVU =     10   − 6   K ⋅  m 2  ⋅   kg   − 1   ⋅  s  − 1    ) is commonly taken as the dynamic tropopause [42].



PV is a physical quantity which reflects the dynamic and thermodynamic properties of the atmosphere comprehensively [43]. It is defined as follows:


  P V =    ζ a  ⋅ ∇ θ  ρ   



(4)




where    ζ a   ,  θ , and  ρ  denote absolute vorticity, potential temperature, and air density, respectively. PV is conserved in an adiabatic frictionless process and, therefore, can be used as a dynamic tracer for air-mass [44].



Figure 7 shows the PV and geopotential height at 300 hPa. Areas with PV larger than 2 PVU are shaded in colors. In Figure 7, the cutoff lows are in good correspondence with high PV areas. The appearance of the cutoff low, its southeastward, and the formation of NCCV are seen clearly in the PV field.



To confirm a gradual decrease of the tropopause height above the cutoff low, the traditional thermal tropopause [37] is provided in Figure 8. The ERA5 temperature profiles from 21 to 29 June are used to calculate the tropopause following the method proposed by Reichler et al. (2003) [45]. The 500 hPa geopotential height is shown with tropopause pressure for reference. The tropopause pressure varies from roughly 90 to 360 hPa, and the cutoff low at 500 hPa often appears under a low tropopause. As the system weakens, the tropopause height would elevate.





5. Discussion


5.1. Vertical Structures of Cutoff Lows


The origination and movement of a cutoff low that lead to an NCCV to form can be seen on the horizontal isobaric surfaces, while the structural characteristics of the system can be further examined through its vertical cross-sections. Figure 9 illustrates the latitudinal cross-sections of the ERA5 PV and MWTS-2 TB observations of channels 4–7. All TB observations have already been interpolated to the ERA5 grid. In Figure 9a, a cutoff low had just developed at 18:00 UTC 21 June. At the location near (60°N, 65°E), high PV anomaly extended from about 200 hPa to about 600 hPa, indicating a lowering of the tropopause. At the same location, TB observations of channels 4–5 have cold anomalies, while those of channels 6–7 show warm anomalies. Compared with Figure 9a, Figure 9b shows a cross-section at a lower latitude of 53°N at the same time. No apparent PV or TB anomaly was observed around 65°E. Comparing results in Figure 9a with Figure 9c at the same latitude of 60°N, as the high PV anomaly center moved from around 65°E to 80°E and became weak after 36 h, TB anomalies also moved and weakened. Comparing Figure 9b and Figure 9d, the high PV anomaly appeared at around 80°E in Figure 9d, and TBs of channels 4–7 show obvious anomalies at the same place. The above comparisons among Figure 9a–d show that the cutoff low was obviously moving southeastward from 21 to 23 June. Figure 9e–h show a process where the cutoff low system enters the NCCV domain while weakening. The depth of the PV anomaly and the amplitude of TB anomalies were reduced as the cutoff low weakened.



In order to further investigate the process of the cutoff low entering the NCCV domain and gradually weakening, cross-sections of temperatures and temperature anomalies from the ERA5 reanalysis, overlapping with TBs and TB anomalies of channels 4–7 at 48°N and 46°N from 27 to 29 June are demonstrated in Figure 10. The reference states for calculating anomalies are given by the global average of temperatures (TBs) at different latitudes and vertical levels (channels) from 21 to 29 June 2019. In the left panel of Figure 10, due to the large temperature variation within 300–700 hPa, the cold core of the cutoff low in the middle and lower troposphere is not obvious, with only a downward concave contour of temperature at 110°E. However, in the upper layer of 100–300 hPa, there is a clear upward convex curve of temperature contour, which shows an existence of a warm core and corresponds to high anomalies of channels 6–7 TB observations. When the cutoff low became weak, an insignificant warm core in the upper layer could be observed in Figure 10e,g, and channels 6–7 TB anomalies were relatively small at this time.



Temperature and TB anomalies are illustrated in the right panel of Figure 10, which amplifies the TB features of the cutoff low. It can be clearly seen that there was an obvious negative temperature anomaly at 450–700 hPa and an obvious positive temperature anomaly at 100–300 hPa near 110°E. At 18:00 UTC 27 June, TB observations of channels 6–7 had positive anomalies of 2–3 K, while those of channels 4–5 had negative anomalies around −1 K. In Figure 10f,h, the cutoff low had entered the NCCV domain at 06:00 UTC 29 June, with the center at about (46°N, 120°E). At this time, TB anomalies of channels 6–7 are around 1–3 K near the NCCV, while negative TB anomalies of channels 4–5 are weak. Therefore, when the cutoff low is strong, channels 4–7 can observe it clearly. However, when the NCCV system gradually weakens, the structure observed by channels 6–7 is clearer than those of channels 4–5, because of the stratosphere intrusion feature of cutoff lows and because the channels of higher levels are less affected by the underlying surface, low-level cloud, and rain.




5.2. Tracks of the Cutoff Lows to Form NCCV


Based on the analysis above, it can be inferred that the high TB centers of channels 6–7 can be used to locate and identify the cutoff lows. In addition to the NCCV case in 21 to 29 June 2019 studied above, cutoff lows and their movements that lead to occurrences of another three NCCVs in July 2019 are also studied. The starting and ending times of the four precipitation events which occurred in Northeast China in June and July 2019 under the influences of four NCCV cases are listed in Table 3. Hourly precipitation measurements were provided by a dense network of automatic stations.



Figure 11 shows the spatial distributions of TB observations of channel 7 and the ERA5 500 hPa geopotential height at the starting times and the times of cutoff lows entering the NCCV domain of the three newly added NCCV case studies. The high TB centers of channel 7 coincide with the cutoff lows at 500 hPa. Figure 11a,c,e (left panel) show a developed cutoff low, a trough that leads to the formation of cutoff low, and another developing trough, respectively. The three systems all evolved from the middle- and high-latitude areas northwest of the NCCV domain.



Figure 12 shows the tracks of the four cutoff lows of the NCCVs in June and July 2019 manually determined by the high TB centers of MWTS-2 channels 6–7 (Figure 12a), the 500 hPa low-pressure centers (Figure 12b), and the 300 hPa high PV centers (Figure 12c). The NCCV tracks identified by channel 6 are approximately the same as those of channel 7 (Figure 12a). The NCCV tracks identified by TB observations of channels 6–7 are generally in good agreement with those determined by geopotential height and PV, which suggests the validity of using MWTS-2 TB observations for tracking cutoff lows/NCCVs. As channels 6–7 mainly show upper-level atmosphere, the tracks identified by these two channels (Figure 12a) are slightly more similar to those detected by 300 hPa PV (Figure 12c) than 500 hPa geopotential height (Figure 12b), for example, the process of cutoff low entering the NCCV domain of the tracks in blue for the 1–8 July case as well as the twists and turns of the tracks in red for the 24–30 July case. The solid symbols in Figure 12 indicate the times of the cutoff low center entering the NCCV domain, which are also listed in Table 3. The times of cutoff low center entering the NCCV domain are close to the times when the precipitation started, but sometimes the precipitation would occur earlier than the arrival of the cutoff low. As a result, it is essential to pay attention to the cutoff lows early before their arrival. The possibility of applying TB observations of MWTS-2 channels 6–7 to observing the precursors of NCCVs is verified above.





6. Conclusions


Satellite TB observations from MWTS-2 on board FY-3D are applied in this research to investigate the potential for real-time monitoring of NCCVs. Compared with the ERA5 reanalysis, TB observations of MWTS-2 channels 4–5 signal NCCV cold core structure in the troposphere, while TB observations of channels 6–7 capture NCCV warm core structures in the stratosphere. With fewer influences from the Earth’s surface and low-level cloud and precipitation, channels 6–7 observe NCCVs in a clearer way than channels 4–5. The moving tracks of the four NCCV cases determined by local TB warm centers of channels 6–7 compared favorably with those determined by the 300 hPa PV and 500 hPa geopotential height from the ERA5 reanalysis. In other words, TB observations of MWTS-2 channels 6–7 can be used for identifying the precursors of NCCVs.



This study provides a new way of observing NCCVs directly from MWTS-2 TB observations. Possibilities to first make the algorithm automatic and then to compare the rate of detections and the rate of false alarms between automation and those manually performed will be explored in a follow-on work. Moreover, this paper only employed the TB observations from FY-3D MWTS-2, which is a recently launched afternoon polar-orbiting meteorological satellite. If observations from microwave sounders on board early-morning (FY-3E), morning (e.g., MetOp-C), and afternoon (e.g., FY-3D or NOAA-20) polar-orbiting satellites are used together, we may have six times the daily global TB observations for investigating NCCVs at synoptic and mesoscales. Further investigations are also planned to seek dominating features in terms of NCCV tracks and structures that lead to heavy rain events.
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Figure 1. Weighting functions of FY-3D MWTS-2 channels 1–13 (colored curves), calculated by the RTTOV13.0 with the U.S. standard atmosphere profile as input at the nadir. The vertical levels (gray horizontal lines) of RTTOV and the pressure difference between each two neighboring levels of them (black curve) are shown. 
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Figure 2. Global distributions of FY-3D MWTS-2 brightness temperature observations of channel 4 (a) before and (b) after the limb correction at the ascending node on 21 June 2019 (Unit: K). 
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Figure 3. Mean scan dependences of FY-3D MWTS-2 brightness temperature observations (Y-axis on the left) before (colored solid curves) and after (colored dashed curves) the limb correction (a) of channels 5–13 globally and (b,c) of channels 1–4 over (b) sea and (c) land within (60°N–60°S, 180°W–180°E). Thin black contours are limb correction values    T b   (  k = 6    or    4  )     (  i , φ  )  −  T  b , L C    (  k = 6    or    4  )     (  i , φ  )    of (a) channel 6 and (b,c) channel 4 as a function of scan position and latitude at 2° intervals. Limb correction is conducted on observations from 21 to 30 June 2019 with correction coefficients trained with observations from 10 to 20 June 2019. 
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Figure 4. Spatial distributions of (a–c) peak WF altitudes of MWTS-2 channels 5–7 and (d) tropopause pressures at 06:00 UTC 23 June 2019 (color shaded, unit: hPa) with ERA5 500 hPa geopotential height (contours, interval: 40 gpm). The black solid curves indicate where the differences between peak WF altitude and tropopause pressure are zero, and peak WF altitudes are smaller on the north side of the curve. All WFs are calculated by RTTOV with ERA5 reanalysis as input, and tropopause pressure is calculated with temperature from ERA5 reanalysis. Lambert projection with standard latitudes of 30°N and 60°N is used here, and the black dashed box represents the NCCV domain (35–60°N, 115–145°E). 
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Figure 5. Spatial distributions of MWTS-2 limb-corrected brightness temperature observations (color shaded, unit: K) of channel 4 from 21 to 29 June 2019 with ERA5 700 hPa geopotential height (contours, interval: 40 gpm) at 06:00 UTC for satellite ascending node and 18:00 UTC for descending node of each day. The time when the satellite scanned the location (50°N, 90°E) is labeled below each figure. 
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Figure 6. Spatial distributions of MWTS-2 limb-corrected brightness temperature observations (color shaded, unit: K) of channel 6 from 21 to 29 June 2019 with ERA5 250 hPa geopotential height (contours, interval: 80 gpm) at 06:00 UTC for satellite ascending node and 18:00 UTC for descending node of each day. The time when the satellite scanned the location (50°N, 90°E) is labeled below each figure. 
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Figure 7. Spatial distributions of potential vorticity (color shaded, unit:   K ⋅  m 2  ⋅   kg   − 1   ⋅  s  − 1    ) and geopotential height (contours, interval: 80 gpm) at 300 hPa of the ERA5 reanalysis from 21 to 29 June 2019. The black crosses in (a,f) indicate the NCCV centers determined by high PV center at 300 hPa. 
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Figure 8. Spatial distributions of tropopause pressure (color shaded, unit: hPa) and geopotential height at 500 hPa (contours, interval: 40 gpm) of ERA5 reanalysis from 21 to 29 June 2019. The black crosses in (a,f) indicate the NCCV centers determined by low geopotential height center at 500 hPa. Tropopause pressure is calculated with temperature from ERA5 reanalysis. 
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Figure 9. West–east cross-sections of ERA5 potential vorticity (shaded, unit:   K ⋅  m 2  ⋅   kg   − 1   ⋅  s  − 1    ) and MWTS-2 brightness temperature (curves, unit: K) of channel 4 (solid), 5 (dashed), 6 (dash dotted), and 7 (dotted) at 60°N, 53°N, 48°N, and 46°N. Cyan dashed lines show the range of NCCV domain. Note that the Y-axis on the right is reversed. 
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Figure 10. West–east cross-sections of (left panels) temperatures and (right panels) temperature anomalies (shaded, unit: K) from ERA5 reanalysis, with black curves indicating (left panels) brightness temperatures and (right panels) brightness temperature anomalies of MWTS-2 channels 4 (solid), 5 (dashed), 6 (dash-dotted), and 7 (dotted) at 48°N and 46°N from 27 to 29 June 2019. The anomalies are calculated with respect to zonal means of each level (or channel) at the given latitude of data from 21 to 29 June 2019. The zonal means of MWTS-2 channels 4, 5, 6, and 7 at latitude 48°N are 255.1, 239.7, 229.8, and 223.2 K, while at 46°N, the means are 255.6, 239.9, 229.7, and 222.6 K. 
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Figure 11. Spatial distributions of MWTS-2 channel 7 limb-corrected brightness temperature observations (color shaded, unit: K) at (left panels) case starting time and (right panels) the time of cutoff low center entering the NCCV domain of three cases in July 2019, with geopotential height at 500 hPa of ERA5 reanalysis (contours, interval: 40 gpm). The black crosses indicate the NCCV centers determined by high brightness temperature center of channel 7. 






Figure 11. Spatial distributions of MWTS-2 channel 7 limb-corrected brightness temperature observations (color shaded, unit: K) at (left panels) case starting time and (right panels) the time of cutoff low center entering the NCCV domain of three cases in July 2019, with geopotential height at 500 hPa of ERA5 reanalysis (contours, interval: 40 gpm). The black crosses indicate the NCCV centers determined by high brightness temperature center of channel 7.



[image: Remotesensing 14 02530 g011a][image: Remotesensing 14 02530 g011b]







[image: Remotesensing 14 02530 g012 550] 





Figure 12. Tracks of the four NCCV cases in June and July 2019 identified by (a) high-brightness temperature centers of MWTS-2 channel 6 (solid) and channel 7 (dashed), (b) low geopotential height centers at 500 hPa, and (c) high potential vorticity centers at 300 hPa of ERA5 reanalysis. Two consecutive same symbols represent the cutoff low identified twice a day (ascending and descending nodes, 06:00 UTC and 18:00 UTC), and the solid symbols indicate the centers of cutoff lows which just entered the NCCV domain. 
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Table 1. Channel number, central frequency, noise equivalent differential temperature (NEDT), peak weighting function (WF) altitude, and predictor channels of the MWTS-2 channels 1–13. Beam width of each channel is 2.2°. Peak WF altitudes are based on the results in Figure 1.
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	Channel
	Frequency (GHz)
	NEDT (K)
	Peak WF

Altitude (hPa)
	Predictor Channels





	1
	50.3
	1.2
	Surface
	1,2,3



	2
	51.76
	0.75
	Surface
	1,2,3



	3
	52.8
	0.75
	950
	2,3,4



	4
	53.596
	0.75
	700
	3,4,5



	5
	54.4
	0.75
	400
	4,5,6



	6
	54.94
	0.75
	250
	5,6



	7
	55.5
	0.75
	200
	7,8,9



	8
	   f 0  =   57.29
	0.75
	100
	8,9



	9
	   f 0     ± 0.217
	1.2
	50
	8,9,10



	10
	   f 0     ± 0.322 ± 0.048
	1.2
	25
	9,10,11



	11
	   f 0     ± 0.322 ± 0.022
	1.7
	10
	10,11



	12
	   f 0     ± 0.322 ± 0.01
	2.4
	5
	10,11,12



	13
	   f 0     ± 0.322 ± 0.0045
	3.6
	2
	12,13
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Table 2. Vertical pressure levels of the ERA5 reanalysis hourly data.
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	Level No.
	Pressure (hPa)
	Level No.
	Pressure (hPa)
	Level No.
	Pressure (hPa)





	1
	1
	14
	175
	27
	750



	2
	2
	15
	200
	28
	775



	3
	3
	16
	225
	29
	800



	4
	5
	17
	250
	30
	825



	5
	7
	18
	300
	31
	850



	6
	10
	19
	350
	32
	875



	7
	20
	20
	400
	33
	900



	8
	30
	21
	450
	34
	925



	9
	50
	22
	500
	35
	950



	10
	70
	23
	550
	36
	975



	11
	100
	24
	600
	37
	1000



	12
	125
	25
	650
	
	



	13
	150
	26
	700
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Table 3. The starting and ending times of precipitation relating to four NCCV cases in June and July 2019 and the time of cutoff low center entering the NCCV domain separately determined by MWTS-2 brightness temperature observations of channel 6 and 7, potential vorticity (PV) at 300 hPa, and geopotential height ( Φ  ) at 500 hPa from the ERA5 reanalysis. The 06:00 and 18:00 UTC of channels 6 and 7 represent the ascending and descending node of the satellite observations, respectively.






Table 3. The starting and ending times of precipitation relating to four NCCV cases in June and July 2019 and the time of cutoff low center entering the NCCV domain separately determined by MWTS-2 brightness temperature observations of channel 6 and 7, potential vorticity (PV) at 300 hPa, and geopotential height ( Φ  ) at 500 hPa from the ERA5 reanalysis. The 06:00 and 18:00 UTC of channels 6 and 7 represent the ascending and descending node of the satellite observations, respectively.





	Precipitation Starting Time
	00:00 UTC 29 June
	00:00 UTC 7 July
	00:00 UTC 12 July
	00:00 UTC 29 July





	Precipitation ending time
	00:00 UTC 30 June
	00:00 UTC 8 July
	00:00 UTC 13 July
	00:00 UTC 30 July



	Channel 6
	06:00 UTC 29
	06:00 UTC 6
	06:00 UTC 14
	06:00 UTC 29



	Channel 7
	18:00 UTC 28
	06:00 UTC 6
	06:00 UTC 14
	06:00 UTC 29



	300 hPa PV
	06:00 UTC 29
	06:00 UTC 6
	06:00 UTC 14
	06:00 UTC 29



	500 hPa  Φ 
	18:00 UTC 28
	06:00 UTC 5
	18:00 UTC 13
	06:00 UTC 29
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