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1. Introduction
Of the newly emerging microwave remote sensing instruments in the last couple of decades, the microwave sounder is probably one of a few which can be considered essential for day-to-day operational use on polar-orbiting weather satellites.  This is primarily due to the microwaves’ cloud-penetrating capability. Since most “active” meteorological events are wrapped under clouds, the utilities of visible and infrared sounders are severely curtailed under these conditions, and microwave sounders must be brought in. 

1. Experimental microwave sounders, the NEMS and SCAMS
The microwave temperature sounder concept was first tested on NASA’s Nimbus-series polar-orbiting experimental satellites. 

1.1 NEMS 

The very first experiment to test the concept of microwave sounding is the Nimbus-E Microwave Spectrometer (NEMS), launched aboard the Nimbus-5 satellite, in 1972. NEMS has three oxygen channels: at 53.65 GHz, 54.90 GHz, and 58.50 GHz; and two water vapor channels, at 22.235 GHz and 31.40 GHz. The radiometer is of Dicke (i.e. modulating) type, with a Radiometric Resolution ΔT (also known as the Temperature Sensitivity, or NEdT) of 0.25 k (for an integration time of 2 second).

The NEMS have five separate lens-loaded horns as the antennas, each with 10-degree (3 dB) beamwidth. At the Nimbus-5 orbit of 1112 km, the footprint, or Instantaneous Field of View (IFOV) diameter, is 194 km. 

1.2 SCAMS

The Scanning Microwave Spectrometer (SAMS), flew aboard Nimbus-6 (launched 1975), introduced many important features into spaceborne microwave sounders, some of which are still in use today. The examples are: the cross-track scanning with rotating reflector and stationary feed-horn, and the on-board hot/cold calibrations. 

SCAMS has three oxygen band channels-- at 52.85 GHz, 53.85 GHz, and 55.45 GHz, and two water vapor channels. SCAMS has three separate but synchronously rotating reflector-type antennas, one shared by the three oxygen channels, and two other for the two water vapor frequencies. Each reflector is fed by a stationary feedhorn.  The beamwidths are all about 7.5 degrees. And there are a total of 13 beams positions in the cross-track direction, each separated by approximately 7.2 degrees. The antenna “dwells” at each beam position for an integration time of 0.95 sec, resulting in ΔT values of from 0.2 k (for the water vapor channels), to and 0.5 k (for the oxygen channels). The radiometers are of Dicke type. In each scan cycle, the antenna also completes a 2-point calibration positions: an ambient target, and a cold-space view.

2. Early operational microwave sounders: MSU and SSM/T

2.1 MSU

The MSU, launched on the TIROS-N in 1978, marks the transition of the microwave sounders from scientific experimentation to operational use of microwave sounders for polar weather satellites. The MSU has only four oxygen channels, with no water vapor or window channels. Table 1 lists some of its parameters.
Table 1. MSU design parameters
	CH. No
	Frequency

(GHz)
	Wt Fn Ht

(km)
	Wt Fn 

Width (km)
	(T (k)
	Beam  Width

Deg.

	1
	50.30
	Surface
	3
	0.21
	7.4


	2
	53.74
	5
	11
	0.22
	7.2

	3
	54.96
	10
	11
	0.18
	7.5

	4
	57.95
	17
	11
	0.21
	7.2


Notes for Table 1: Wt. Fn = Weighting function, Ht= peak height, The beam widths listed are the geometrical averages of two principle planes. The ∆T values are for of 1.8 sec. integration time. The RF bandwidths are 220 MHz for all channels.
The design of the MSU is similar to that of the SCAMS. The radiometer is a Dicke (modulating) type, with four separate heterodyne receivers. Two rotating reflector antennas are used, each covering two channels. The reflectors step-scans through 11 beam positions, along the cross-track direction (each separated by 9.3 deg.) in 32 sec.(including the two-point calibration) The MSU’s IFOV are 109 km at nadir and 323km by 177 km at the swath edge. The MSU weights 29 kg, and needs 30 W of power.

More than 10 units of the MSU were flown on the (U.S.) National Oceanic and Atmospheric Administration (NOAA) series of operational polar-orbiting weather satellites from NOAA-6 (launched 1979) to NOAA-14 (1994).
2.2 SSM/T 
The U.S. Defense Meteorological Satellite Program (DMSP) also launched a similar microwave temperature sounder named Special Sensor Microwave/Temperature (SSM/T),  in 1978.  It has 7 channels in the oxygen band, with IFOV of 7 deg. and (T ranging from 0.24 K to 0.39 K (integration time: 3.0 sec.). The scan period is also 32 sec. 
3. Current and future microwave sounders: AMSU and ATMS
3.1 The Advanced Microwave Sounding Unit (AMSU)

The development of the AMSU for the NOAA-series weather satellites marks another quantum leap forward in the progress of spaceborne microwave sounders. For the first time, the humidity and temperature sounding channels are combined together as a complete system. The synergistic effect of having simultaneous observations of both water vapor and oxygen band frequencies from the same platform proved to be very beneficial. The AMSU includes AMSU-A, and AMSU–B. AMSU-A is a 15-channel temperature sounder, and AMSU-B consists of five channels for humidity sounding. They were first launched on NOAA-14, launched in 1998.
Table 3 lists some essential parameters of the AMSU-A, and AMSU-B. Notice that some of the channels contain more than one pass-band. For example, Channel 5 has two pass-bands, symmetrically spaced (one 115 MHz above, and one below) from the local oscillator frequency fLO =57,290.344 MHz. Similarly, Channels 11 to 14 each has four pass-bands, as the two (+/-) shorthand-notation imply.  

There are two entries in the bandwidth column, in the form of  f1/ f2 . The first value, f1 is the actual value used, and f2 is the specified (maximum permissible) value. Similarly, the first value in the (T column is the required (not to exceed) value, and the second value is the actual value, (average of three units), measured prior to launch. 
 

Table 3. Channel parameters of AMSU-A, and AMSU-B

	Channel

 No.
	Frequency

(GHz)
	Beamwidth 

( o )
	Bandwidth

(MHz)
	(T 

(K)

	A-1
	23,800
	3.3
	251/270
	0.30/0.17

	A-2
	31,400
	3.3
	161.2/180
	0.30/0.20

	A-3
	50,300
	3.3
	161.2/180
	0.30/0.15

	A-4
	52,800
	3.3
	380.4/400
	0.25/0.14

	A-5
	53,596 + 115
	3.3
	  168.2/170
	0.25/0.15

	A-6
	54,440
	3.3
	  380.6/400
	0.25/0.13

	A-7
	54,940
	3.3
	  380.6/400
	0.25/0.14

	A-8
	55,500
	3.3
	  310.2/330
	0.25/0.15

	A-9
	57,290.344 = fLO 
	3.3
	  310.2/330
	0.25/0.16

	A-10
	fLO + 217
	3.3
	    76.6/78
	0.40/0.22

	A-11
	fLO + 322.2 + 48
	3.3
	    35.1/36
	0.40/0.24

	A-12
	fLO + 322.2 + 22
	3.3
	    15.6/16
	0.60/0.35

	A-13
	fLO + 322.2 + 10
	3.3
	      7.9/8
	0.80/0.49

	A-14
	fLO + 322.2 + 4.5
	3.3
	     3.0/3.0
	1.20/0.79

	A-15
	89,000
	3.3
	1,988/6,000
	0.50/0.13

	B1/16
	89,000
	1.1
	2,000/6,000   
	1.00/0.38

	B2/17
	150,000
	1.1
	2,000/3,000  
	1.00

	B3/18
	183,310+1,000
	1.1
	500/1,000
	1.10

	B4/19
	183,310+3,000
	1.1
	1,000/2,000
	1.00

	B5/20
	183,310+7,000
	1.1
	2,000/4,000
	1.20


The AMSU-A channels all have 3.3-degree beamwidth. The antenna is a scanning reflector with stationary feed-horn. This design minimizes the “moving mass” of the antenna, and reduces the associated angular momentum due to scan motion. The drawback of such design is that the polarization vector rotates with scan position. This makes the measured brightness temperature Tb is beam-position dependent. However, because most of the AMSU-A channels are located on or near opaque absorption lines, the signal is relatively insensitive to the polarization direction. The exceptions are Channels 1-3, and 15 and 16, which are not so opaque. 

The polarization of Channels 1-4, as well as Channel 15, is of “quasi-vertical” type. (i.e., the direction of the electric field vector is perpendicular to the spacecraft orbital plane, as the antenna beam approaches nadir) Channels 5-14 are of the “quasi-horizontal” type. (the electric field vector is parallel to the spacecraft orbital plane, as the antenna beam points toward nadir)
The AMSU-A beams scans in the cross-track direction through 30 beam positions, each separated by 3.3 degrees. The scanning is of step-and-dwell type, where the reflector dwells at a given beam position for an integration-time period and then steps to the next beam-position. There are two calibration positions, a warm cal, and a cold cal. At the warm-cal, the antenna dwells at an ambient-target. At the cold-cal position, the antenna views the cosmic background radiation. The complete scan period is 8.0 sec. (including the 2-point calibration), during which the satellite moves a down-track distance equivalent to 3.3 degrees. 

To achieve the same 3.3-degree beam-width at all the different frequencies, two different reflector sizes are used: a 27 cm (diameter) for Channels 1 and 2, and two 13 cm reflectors for Channels 3 through 15. The use of three separate reflectors not only facilitates the design to achieve the same 3.3-degree beams, it also helps reducing the R.F. losses. 

Each reflector also has its own separate scan-motor, and all are controlled to scan synchronously. The integration times are: 158 mS for Channels 1 and 2, and 165 mS for Channels 3-15. From the orbit height of the NOAA-series satellite (670 km), the IFOVs are: 50 km, at nadir, and 86 km by 172 km at the swath’s edges. 

The AMSU-B parameters are also listed in Table 2. The scanning geometry of the AMSU-B is similar to AMSU-A, but with two major differences: (a) the beam-width of AMSU-B channels is 1.1 deg. and (b) the reflector rotates at a constant speed over the earth-viewing sector, instead of the step-and-dwell type like the AMSU-A. The integration time for each of the 90 AMSU-B’s Earth-viewing beams is 18 mS. The AMSU-B scan cycle is 8/3 sec. so that there are three complete AMSU-B scans for each AMSU-A scan cycle.

The design of the AMSU-B radiometer-receivers is of the conventional heterodyne type, complete with local-oscillator, mixer, and IF amplifier. Its antenna system, however, is quite unique, in that quasi-optical (QO) techniques are used extensively as the multiplexing switch to separate the three groups of channels, 89, 150 and 183 GHz. The IFOV for the 1.1-degree beamwidth is 15 km at nadir, which elongates into 29 km by 57 km at the swath’s edges.  

The AMSU-A and AMSU-B are relatively new. Only three sets of them have been flown so far; they are on board of NOAA-15 (launched in 1998), NOAA-16 (2000) and NOAA-17 (2002).

3.1 MHS and HSB

There are two other humidity sounders following the AMSU-B; they are the Microwave Humidity Sounder (MHS), and Humidity Sounder Brazil (HSB). The instrument design and characteristics of both MHS and HSB are very similar to that of the AMSU-B. The difference being that for the MHS, Channel H2, equivalent to AMSU-B’s Channel B2, is set at 157 GHz, and there is only one side band for the H3 channel, at 183.31 + 7 GHz. For the HSB, there is no 89.0 GHz. 

The MHS is developed by the European Meteorological Satellite (EUMETSAT) for the European polar-orbiting weather satellites, and HSB is developed by the Brazil Space Agency for NASA’s Aqua Satellite. (launched 2002)
3. 2 SSM/T-2

The Special Sensor Microwave/T-2 (SSM/T-2) is a humidity sounder, it was first flown aboard the DMSP in 1991. Its frequencies are: 91.655 GHz, 150 GHz, and 183.31 + 1, 183.31 + 3, and 183.31 + 7 GHz. Its antenna beam widths vary from 3.0 degree at 183 GHz, to 6.0 degree at 91.655 GHz. 

3.3 The ATMS
The Advanced Technology Microwave Sounder (ATMS) is the newest generation microwave sounder, currently under development by NASA for the future U.S. National Polar-orbiting Operational Environmental Satellite System (NPOESS). ATMS will first be flown aboard the NASA’s NPOESS Preparatory Program (NPP) Satellite, slated for launch in 2006. Table 4 lists some parameters of the ATMS. 

One common feature among the microwave temperature sounders such as the AMSU-A, and ATMS is that some of the center frequencies of the channels are set in the “valleys” of the opacity curve, i.e., valley between two adjacent lines, where the rate of opacity change with respect to frequency is slow or approaching a stationary point. Setting the channel center frequency at these points help to reduce the weighting function width, and improves the sounders vertical resolution capability. The examples are: ATMS Channels 7 (between lines 23-  and 21-), Channel 8 (21- and 19-), Channel 9 (19- and 17-), and Channel 10 (13-  and 11-). 

Channels 11 to 15 of the AMTS are clustered about the doublet, lines 13- (56.97 GHz) and 11- (57.61 GHz). For example, the two pass-bands of Channel 11 are at an equal-distance (217 MHz) from the minimum point of 57.2903 GHz; and they nearly have the same opacity.  By setting the channel center frequencies this way, one can increase the pre-detection bandwidth—and lowers the (T –without broadening the weighting-function width. Similarly, Channels 12-15 all have four pass-bands, and each consisting of two separate pairs: one located symmetrically on both side of 13- and the other symmetrically on both sides of the 11- line. By setting the frequency this way, all four pass-bands will have nearly equal opacity. And this set of center frequencies also lend itself conveniently for the “double down-conversion” technique in a heterodyne (mixer and local-oscillator) receiver design.

3.3.1 ATMS’ new features

The ATMS channels are nearly identical to the combined AMSU-A, and AMSU-B. The difference is as follows: (a) The ATMS has two extra channels in its humidity sounding part. They are Channels 19 and 21, at 183.31+4.5 GHz, and 183.31+1.8 GHz, respectively.  (b) The original 150 GHz channel has been moved to the new slot of 164 to 167 GHz slot, following the International Telecommunication Union (ITU) most recent Radio Frequency allocation change in 2000. (c) Channel 4 is an additional window channel for surface emissivity measurement. 

Notice also that the original combined AMSU-A, and AMSU-B system contain two channels at 89 GHz. Channels 15, which is a part of AMSU-A, has a 3.3-degree beam-width, but Channel B1/16, which is a part of the AMSU-B, has a 1.1-degree beam width. This redundancy was designed so that the AMSU-A and AMSU-B may function as separate stand-alone units. This redundant feature is removed in ATMS, where the humidity and temperature channels are always integral parts of a single unit. 

	ATMS

Channel

Number
	Center Frequency (GHz)
	Center Frequency (GHz), cont'd
	Maximum Band Width (GHz)
	Center Frequency Stability (MHz)
	Radiometric Resolution ∆T (K) 
	Static Beam Width (degrees)
	Quasi -Polarization

	1
	23.8
	
	0.27
	10
	0.9
	5.2
	QV

	2
	31.4
	
	0.18
	10
	0.9
	5.2
	QV

	3
	50.3
	
	0.18
	10
	1.20
	2.2
	QH

	4
	51.76
	
	0.40
	5
	0.75
	2.2
	QH

	5
	52.8
	
	0.40
	5
	0.75
	2.2
	QH

	6
	53.596
	± 0.115
	0.17
	5
	0.75
	2.2
	QH

	7
	54.40
	
	0.40
	5
	0.75
	2.2
	QH

	8
	54.94
	
	0.40
	10
	0.75
	2.2
	QH

	9
	55.50
	
	0.33
	10
	0.75
	2.2
	QH

	10
	57.290344
	
	0.33
	0.5
	0.75
	2.2
	QH

	11
	57.290344
	±0.217
	0.078
	0.5
	1.20
	2.2
	QH

	12
	57.290344
	±0.3222 ±0.048
	0.036
	1.2
	1.20
	2.2
	QH

	13
	57.290344
	±0.3222 ±0.022
	0.016
	1.6
	1.50
	2.2
	QH

	14
	57.290344
	±0.3222 ±0.010
	0.008
	0.5
	2.40
	2.2
	QH

	15
	57.290344
	±0.3222 ±0.0045
	0.003
	0.5
	3.60
	2.2
	QH

	16
	88.2
	
	2.0
	200
	.5
	2.2
	QV

	17
	166.25
	
	3.0
	200
	0.6
	1.1
	QH

	18
	183.31
	±7.0
	2.0
	100
	0.8
	1.1
	QH

	19
	183.31
	±4.5
	2.0
	100
	0.8
	1.1
	QH

	20
	183.31
	±3.0
	1.0
	50
	0.8
	1.1
	QH

	21
	183.31
	±1.8
	1.0
	50
	0.8
	1.1
	QH

	22
	183.31
	±1.0
	0.5
	30
	0.9
	1.1
	QH


Table 4 ATMS Channel Parameters

3.3.2 Sharper beam and better sampling with lighter weight and smaller size

One of the major design constraints of the ATMS is the drive to reduce the so-called “spacecraft resource,” e.g., the instrument weight, power, and volume substantially. The purpose is to enable the ATMS to fit into future smaller operational satellites. 

The combined AMSU-A and AMSU-B weight is about 160 kg, and they consume 200 watts of power. The two AMSUs use four reflectors, driven by four separate scan motors. Together they occupy about 1 m3 in volume. (They are housed in four separate housing units, spread-out on the earth-facing side of the NOAA-satellites. By comparison, the ATMS, weights only 78 kg, takes 98 watts of power, and occupies about 0.2 m3. Its dimension is approximately 70 cm (velocity direction) by 60 cm (nadir direction) by 40 cm. 
Such a drastic reduction in volume, weight and power by the ATMS is realized through the use of compact front-end “optics” design, and by using the Microwave Monolithic Integrated Circuit (MMIC).  The recent advances in solid state broad-band Low Noise Amplifiers (LNA), yields low noise-figure, and help to compensate the higher R.F. losses due to the ATMS’ compact design and multi-band multiplexers. As a result, the ATMS can maintain reasonable good ∆T values in its densely packaged design.

The ATMS’ temperature sounding channels have 2.2-degree beamwidth, and they are sampled at 1.1-degree intervals in both down-track and cross-track directions. This is the so-called Nyquist sampling rate, and it is the first time that such feature is used in an operational microwave sounders. Both the use of smaller 2.2-deg. (static) beamwidth, together with Nyquist sampling will yield better spatial resolution capability for the these channels. This new feature is expected to greatly enhance the ATMS’s capability in differentiating sharp boundaries, such as the weather fronts.

4. Outlook for future microwave sounders

In the short span of the past three decades, the microwave sounder has evolved from scientific concept into an indispensable day-to-day operational instrument, gathering weather data around the clock from polar weather satellites. 

The future trend in microwave sounder is likely to be driven by two factors: the need for better sounding products and the advancement in microwave technology. The former includes better retrieval accuracy, better spatial resolution, and may be additional new products in addition to the temperature and humidity.  

In the technology front, one can expect to see continued improvement in better wide-band, low noise amplifiers (LNAs) and detectors. The lower noise figures of newer LNAs will improve the ∆T of future radiometers, and it may also allow for higher spatial resolutions, since the two are connected at a system level. The trend is also toward requiring microwave sounders that are light in weight and consume little power. In addition, more sophisticated scanning antennas and channel-dropping diplexers as well as better calibration systems will also be in demand. 

4.1 Microwave Sounder for Geosynchronous Orbiting Operating Weather Satellites

So far the use of microwave sounders for operational weather satellites has been limited to polar-orbiting orbiters. The next logical extension of the microwave sounder application is perhaps to put a microwave sounder aboard a geosynchronous satellite, such as the Geostationary Operational Environmental Satellites (GOES). 

One obvious advantage of a GEO Microwave Sounder (GMS) is its very good temporal resolution. It can provide a revisit time of less than an hour, similar to the current IR visible sounders on GOES. On the other hand, it will be difficulty to provide good spatial resolution, similar to the current sounders like AMSU. To achieve the current spatial resolutions (~50 km) on Geosynchronous orbit would require antenna size beyond today’s GOES capacity. A Synthetic-aperture Thinned Array Radiometer technique has been proposed and is being studied for distant future use.

However, a moderate spatial resolution, i.e., 100 to 150 km footprint size, similar to the MSU IFOV, is reasonably within today’s technology and the capacity of the GOES platform.  
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