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Abstract—To overcome blind spots of an ordinary weather 
radar which scans horizontally at a high altitude, a weather 
radar which operates vertically, so called an atmospheric profiler, 
is needed. In this paper, a K-band radar for observing rainfall 
vertically is introduced, and measurement results of rainfall are 
shown and discussed. For better performance of the atmospheric 
profiler, the radar which has high resolution even with low 
transmitted power is designed. With this radar, a melting layer is 
detected and some results that show characteristics of the meting 
layer are measured well. 

Keywords—K-band; FMCW; rain radar; low transmitted 
power; high resolution; rainfall; melting layer 

I.  INTRODUCTION 
A weather radar usually measures meteorological 

conditions of over a wide area at a high altitude. Because it 
observes weather phenomena in the area, it is mainly used for 
weather forecasting. However, blind spots exist because an 
ordinary weather radar scans horizontally, which results in 
difficulties in obtaining information on rainfall at higher and 
lower altitudes than the specific altitude. Therefore, a weather 
radar that covers the blind spots is required. 

A weather radar that scans vertically could solve the 
problem. This kind of weather radar, so called an atmospheric 
profiler, points towards the sky and observes meteorological 
conditions according to the height [1]. Also, because the 
atmospheric profiler usually operates continuously at a fixed 
position, it could catch the sudden change of weather in the 
specific area. 

In this paper, K-band rain radar which has low transmitted 
power and high resolutions of the range and the velocity is 
introduced. The frequency modulated continuous wave 
(FMCW) technique is used to achieve high sensitivity and 
reduce the cost of the system. In addition, meteorological 
results are discussed. Reflectivity, a fall speed of raindrops 
and Doppler spectrum measured when it rained are described, 
and characteristics of the melting layer are analyzed as well. 

II. DEVELOPMENT  OF K-BAND RAIN RADAR SYSTEM 

A. Antenna 
To suppress side-lobe levels and increase an antenna gain, 

offset dual reflector antennas are used [2]. Also, separation 

wall exists between the transmitter (Tx) and receiver (Rx) 
antennas to improve isolation between them. With these 
methods, leakage power between Tx and Rx could be reduced. 
Fig. 1 shows manufactured antennas and the separation wall.  

B. Design of Tranceiver 
Fig. 2 shows a block diagram of the K-band rain radar. 

Reference signals for all PLLs in the system and clock signals 
for every digital chip in baseband are generated by four 
frequency synthesizers. In the Tx baseband module, a field 
programmable gate array (FPGA) controls a direct digital 
synthesizer (DDS) to generate an FMCW signal which 
decreases with time (down-chirp) and has a center frequency 
of 670 MHz. The sweep bandwidth is 50 MHz which gives the 
high range resolution of 3 m. Considering the cost, 2.4 GHz 
signal used as a reference clock input of the DDS is split and 
used for a local oscillator (LO). the FMCW signal is 
transmitted toward raindrops with the power of only 100 mW. 
Beat frequency which has data of the range and the radial 
velocity of raindrops is carried by 60 MHz and applied to the 
input of the Rx baseband module. In the Rx baseband module, 
quadrature demodulation is performed by a digital down 
converter (DDC). Thus, detectable range can be doubled than 
usual. Two Dimensional-Fast Fourier Transform (2D-FFT) is 
performed by two FPGAs. Because the 2D FFT is performed 
with 1024 beat signals, the radar can have high resolution of 
the radial velocity.  Finally, data of raindrops are transferred to 
a PC with local LAN via the an UDP protocol. TABLE I. 
shows main specification of the system. 

 Fig. 1. Manufactured antenna and separation wall. 
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Abstract — Our study of solar high-latitude (≥45ο) 
photospheric magnetic fields and interplanetary scintillation 
observations, at 327 MHz, of solar wind micro-turbulence 
levels showed a steady decline for the past 20 years. Also, the 
fact that cycle 24 has already past its peak, implies that high-
latitude fields are likely to decline until ~2020. Based on a 
correlation between the solar high-latitude fields and the 
heliospheric magnetic fields (HMF), we estimated the HMF 
strength in 2020 and the floor value of the HMF, which were 
found to be 3.9 (±0.6) nT and 3.2 (±0.4) nT, respectively.  
Using estimated value of the HMF in 2020, the peak sunspot 
number for solar Cycle 25 was estimated to be 62 (±12).  
These results and the fact that solar magnetic fields continues 
to decline at present raise the question of a very low sunspot 
activity in near-future or another grand minimum similar to 
the Maunder minimum. So what is the possible impact of such 
a likely grand minimum on terrestrial ionospheric current 
systems?  Our study night time F-region maximum electron 
density (a measure of terrestrial ionospheric currents) reveals 
that the impending minimum is not likely to have any adverse 
impact rather the period post cycle 25 will be useful for 
undertaking systematic ground based low-frequency radio 
astronomy as the night time ionospheric cutoff-frequency 
could be well below 10 MHz. 
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I.  INTRODUCTION  

 
From our studies of solar photospheric magnetic fields at 
helio-latitudes (≥45ο), between 1975—2010 and interplanetary 
scintillation (IPS) observations, at 327 MHz, of solar wind 
turbulence levels in the inner heliosphere, between 1983—
2009, we found a steady decline continuing for the past 18 
years, that had begun in the mid-1990's [1, 2].   Also, from a 
study, covering solar cycle 23, of the solar wind density 
modulation index, ЄN ≡ ∆N/N, where, ∆N is the rms electron 
density fluctuations in the solar wind and N is the density, we 
reported a decline of around 8% in ЄN [3] attributing to the 
declining photospheric fields between mid-1990’s and 2010. 
 
The current solar cycle 24, with a peak smoothed sunspot 
number ~75 in November 2013, has been the weakest since 
cycle 14 in the early 1900's.  Also, it was preceded by one of 
the deepest solar minima in the past 100 years, experienced at 
the end of cycle 23 with sunspot numbers remaining well 
below 25.  In light of the very unusual nature of the minimum 
of solar cycle 23 and the current weak solar cycle 24, we re-
examined in this paper, solar photospheric magnetic fields 
between 1975—2014 and the solar wind micro-turbulence 
levels between 1983—2013. Additionally, we estimated the 
peak sunspot number of solar cycle 25 and address whether 
we are heading towards a grand minimum. It is known that the 
changes in solar cycle magnetic activity modulate the 
heliospheric environment as well as the near-Earth space.   
The implication of such a likely grand minimum was also 
addressed by studying the night time F-region maximum 
electron density of the Earth’s ionosphere. 
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II. DECLINE IN SOLAR MAGNETIC FIELDS AND SOLAR WIND 

MICRO-TURBULENCE LEVELS 
 

For photospheric magnetic fields, we used mainly ground-
based synoptic magnetograms from the National Solar 
Observatory (NSO), Kitt-Peak (NSO/KP), USA, covering 
Carrington Rotations (CR) CR1625—CR2151, for the period 
(February 1975) 1975.14—(July 2014) 2014.42. While for 
solar wind micro-turbulence levels, we used IPS observations 
of scintillation index (a measure of solar wind turbulence 
levels), at 327 MHz, from the four station IPS observatory of 
the Solar-Terrestrial Environment Laboratory (STEL), Nagoya 
University, Japan, covering the period from 1983—2013.  
Fig.1 (top) plots the temporal variations of the derived 
photospheric field strengths showing a steady decrease for 
past 20 years, from ~1995.  It must be noted though that the 
high-latitude fields described here are the absolute value of the 
field in the latitude range 45ο - 78ο and not the signed value of 
the field which normally reverses their polarity.  

The declining trend in the photospheric fields is apparent from 
Fig.1 except for a small increase during 2010-2011. A close 
inspection of the behaviour of the high-latitude fields shows 
that they normally decline after the solar maximum until the 
next solar minimum.  Since the current solar cycle 24 is now 
past its maximum and the field strength is likely to continue to 
decline at least until 2020, the minimum of the current Cycle 
24. The sunspot prediction by [4] showed that the coming 
solar minimum of cycle 24 is expected to occur in 2020.  We, 
therefore, used 2020 to represent the expected year of 
minimum for cycle 24. The solid red line in Fig. 1 (top) is a 
best fit to the annual means, for the period 1995-2014, while 
the dotted red line is an extrapolation of the best fit line up to 
2020.  The fit is statistically significant (Pearson’s correlation 
coefficient, r = -0.91, significance level = 99%) and the 
extrapolation implies the expected field strength is likely to 
drop to ~1.4 ± 0.08 G by 2020, by the expected minimum of 
cycle 24, indicated by a black horizontal dotted line.  

 
Fig.1 (bottom) plots variation of normalized scintillation index 
obtained using IPS measurements. In a typical IPS 
phenomenon [5], the electromagnetic radiation from 
extragalactic radio sources suffers scattering when passes 
through the turbulent and refracting solar wind. This, in turn, 
produces random temporal variations of the signal intensity 
(scintillation) at the Earth, which is quantified by the 
scintillation index (m), given by m = ΔS/<S> where, ΔS is the 
scintillating flux and <S> is the mean flux of the observed 
source.  The scintillation index drops off both with increasing 
heliocentric distance `r' and angular size of the radio source 
being observed where r is defined as the perpendicular 
distance from the Sun to the line-of-sight (LOS) of radio 
source observed. After making all the observations both 
distance and source size independent, we shortlisted 27 
sources for further analysis, each of which had at least 400 
observations distributed uniformly (with no significant data 
gaps) over the entire range of r spanning 0.2 to 0.8 AU.  In 
Fig.1 (bottom), the fine black dots show the temporal variation 
of m for the 27 chosen sources with the large blue open circles 
representing annual means of m.  It is evident that m continues 
to drop until the end of 2013.   
 
Measurements of m are basically a measure of the rms 
electron density fluctuations (ΔN) in the solar wind and it has 
been shown [6] that solar wind micro-turbulence levels are 
related to both ΔN and large-scale magnetic field fluctuations 
in fast solar wind streams.  It is known that the high-latitude 
fields during solar minimum conditions generally provide 
most of the heliospheric open flux [7], and they extend down 
to low latitudes into the corona and are then carried by the 
continuous solar wind flow to the interplanetary space to form 
the interplanetary magnetic field (IMF) [8].  The causal 
relationship between the photospheric magnetic fields and 
solar wind micro-turbulence levels implies that a decrease in 
photospheric high-latitude fields will lead to a decrease in 
micro-turbulence levels in the solar wind [2].  Therefore, 
assuming that the declining trend continues, we extrapolated 

 
Fig.1 (Top) Temporal variations of solar high-latitude 
photospheric fields. The solid dots are the values for each 
Carrington rotation. The open circles in blue are annual 
means, while those in red are annual means for the year 
2010 and 2011. The solid red line is a best fit to the annual 
means for the period 1995-2014, excluding those in red, 
while the dotted red line is an extrapolation of the best fit 
line up to 2020. (Bottom) Temporal variations of 
normalized scintillation index. The solid dots are daily 
measurements, while the open circles in blue are annual 
means. The solid red line is a best fit from 1995-2013, 
while dotted red line is an extrapolation of the best fit up to 
2020.
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the value of m until 2020, as indicated by a dotted red line in 
Fig.1 (bottom), while the solid red line is a best fit to the 
measurements of m for the period 1995-2013.  The horizontal 
line indicates a value of 0.54 at 2020 which implies a 
reduction of approximately 30% in the solar wind micro-
turbulence levels. 
 

III. HELIOSPHERIC MAGNETIC FIELDS 

 
Based on studies of a correlation between polar flux and HMF 
at solar minimum [9, 10], and the fact that the surviving polar 
fields actually determine the floor level of the HMF [11], we 
examined its correlation with the unsigned high-latitude 
photospheric fields. Fig.2 (left) shows (filled black circles) 
measurements of the 27-day averaged values of HMF and 
(open blue circles) annual means of HMF with 1 σ error bars 
between 1975-2014, obtained using data, at 1 AU, from the 
OMNI2 database.  The horizontal dotted line is marked at the 
proposed floor value of 
 

 the HMF of 4.6 nT [12], while the vertical grey bands 
demarcate 1 year intervals around the minima of solar cycles 
20, 21, 22 and 23 corresponding to CR1642-1654, CR1771-
1783, CR1905-1917, and CR2072-2084, respectively. 
Average values of the high latitude (45ο-78ο) fields were 
computed in these 1 year intervals for the period 1975-2014 
using NSO/KP synoptic magnetograms.  Fig.2. (right) shows 
the correlation between the high latitude or polar field (Bp) 
and the HMF (Br) obtained using values for both Bp and Br for 
1 year intervals around the minima of cycles 20, 21, 22 and 
23, demarcated in Figure 4 (upper panel) by grey vertical 
bands.  A linear least square fit to the data, with a Pearson's 
correlation coefficient of r=0.54 at a significance level of 99%, 
gave a value of the HMF of Br = 3.2±0.4 nT, when Bp = 0 as 
shown in equation 1.   
 
             Br= (3.2 ± 0.4) + (0.43 ± 0.09) × Bp                                       (1) 
 
From Fig. 1 (top) it can be seen that the high latitude field 
drops to be 1.4 ± 0.08 G in 2020, the expected minimum of 
Cycle 24.  The linear relation obtained between the polar field 
and the HMF (equation 1) implies that the HMF will drop to 
be 3.9 ± 0.6 nT by ~2020. A strong correlation (Fig. 2 in [9]) 
between the peak values of sunspot numbers smoothed over 
13-month period (SSNmax) and the HMF at solar cycle 
minimum reported by [9] is given by equation 2.  
 
              SSNmax=63.4 × Br - 184.7                                         (2) 
 
 
Using our estimates of 3.9 nT for the HMF (Br) at 2020, the 
expected minimum of Cycle 24, in the above linear 
relationship of SSNmax and Br, the SSNmax in Cycle 25 can be 
estimated and is likely to be 62 ± 12. 

IV. IONOSPHERIC MAXIMUM ELECTRON DENSITY 

The critical frequency, in MHz, of the F-region (foF2), is an 
important parameter for ionospheric studies. foF2 is 
proportional to the square root of the electron number density 
at the height corresponding to that of maximum electron 
density [13].  Using data from a digital ionosonde at an 
equatorial station, Trivandurm (8.5o N, 77o E, 0.5o N dip lat), 
we studied the temporal variations in foF2 using continuous 
data in the period 1994-2014. 
 
Fig.3 depicts the relation between the measured (foF2)2 and 
sunspot number. It is apparent from Fig.3 the existence of a 
well known correlation between the two.  Shown in the inset is 
their correlation with a correlation coefficient of R = 0.96.   
Such a high degree of correlation shows that the F-region 
densities are very closely tied up to the solar activity 
represented by the sunspot number and indicates the absence 
of any long term declining trend as seen in the solar and 
interplanetary parameters.  
  

 
Fig.2 (Left) Variations of the heliospheric magnetic field 
from the OMNI2 data base at 1 AU between 1975 and 
2014.  The solid black dots are 27-day values of HMF, 
while open blue circles are their annual means with one 
sigma error bars.  The horizontal line is marked 4.6 nT.  
The vertical grey bands demarcate 1 year intervals around 
the minima of solar cycles 20, 21, 22 and 23.  (Right) A 
correlation plot of polar field (Bp) as a function of the 
HMF for values during 1 year intervals around the minima 
of Cycles 20, 21, 22 and 23.  The solid black and dashed 
black horizontal lines indicate the floor levels of the HMF, 
derived by other researchers, of 4.6 nT, and 2.8 nT 
respectively, while the dotted red line is marked at 3.2 nT 
derived, the HMF floor level derived from the present 
work. The grey band shows the range for our derived floor 
value of 3.2 nT. 
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V. SUMMARY AND CONCLUSION 

Based on our present study of solar and interplanetary 
observations, covering solar cycles 21-24, we found that  
 

1. Both solar photospheric fields and solar wind micro-
turbulence showed a steady decline from mid-1990’s 
and the declining trend is likely to continue at least 
until 2020.   

2. The HMF is expected to decline to a value of ~3.9 
(±0.6) nT by 2020.  

3. The peak 13 month smoothed sunspot number of 
Cycle 25 is likely to be ~62 ± 12, thereby making 
Cycle 25 a slightly weaker cycle than Cycle 24, and 
only a little stronger than the cycle preceding the 
Maunder Minimum. 
 

The declining trend for the past 20 years and prediction for a 
weak cycle 25, thus, beg the question as to whether we are 
approaching a very low sunspot activity similar to Maunder 
minimum beyond Cycle 25? Our results indicate we may head 
towards a Maunder-like minimum. What is the likely impact 
on the near-Earth space then?  
 
Our study of ionospheric electron density suggests an 
impending grand minimum is not likely to have any adverse 
impact at least on the Earth’s ionosphere. This is inferred from 
ionospheric study which showed that the average (foF2)2 for 
2008-2009 was around 10 (MHz)2, implying an ionospheric 
reflection cutoff of <3.5 MHz, even during sunspotless period 
of 2008-2009. Thus even in the complete absence of sunspots 
there is always a floor level of solar EUV flux which would 
produce a background ionospheric electron density.   
 

It is for the first time such an assessment has become possible 
using ionospheric data as the existence of the ionosphere itself 
was not known during the previous grand solar minimum. Our 
results establish that such prolonged low levels of night time 
F-region electron densities (<5 MHz) will be a boon to low 
frequency radio astronomy for ground based studies at 
frequency well below 10 MHz.  
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Fig.3 The correlation between the measured (foF2)2 with 
that of the sunspot number.  A linear correlation plot 
between the two parameters, with a correlation coefficient 
of R=0.96 is shown in the inset.  The horizontal dashed 
line is drawn at a sunspot number of 25. 
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