
This is a lecture on microwave radiometry, which was a technique more or less pioneered by Ed Westwater (published 1978).


The main purpose of microwave radiometry is to determine the amount of water, both vapor and liquid, in the atmosphere.  So I should first talk about why we care about this.  The total amount of water vapor in a column in the atmosphere, called the total precipitable water, is important to many moisture-related processes in the atmosphere.  The amount of water vapor can dictate the occurrence of convective clouds and precipitation.  It can also determine how infrared and millimeter waves propagate and refract through the atmosphere.  It can also be a determination of flooding potential and the strength of updrafts and downdrafts.


The total amount of liquid water in the column is contained entirely in clouds (or precipitation, but we'll assume the water isn't actually falling).  In a given cloud, this column integrated quantity is called the liquid water path, and it is one of the central properties of clouds.  The liquid water path has a direct relation to the optical depth of a cloud, which in turn determines the radiative properties of the cloud.

Optical depth
So optical depth is basically a measurement of how much radiation from the top of the atmosphere gets to the surface (or vice versa, depending on what you're measuring).

Until Westwater's new technique, the scientific community was relying on radiosonde data to provide us with measurements of atmospheric humidity.  This has a few problems.  First, radiosondes tend to drift, and the value of humidity directly above where someone released the radiosonde may not be the same as where the radiosonde is measuring, which can be many kilometers downwind.  Some modern radiosondes are fitted with GPS, and corrections for the wind can also be made, but this is not a universal practice.  Second, radiosondes are released at specified intervals every 12 hours.  However, observations have been made in which the total water content of an atmospheric column changed by 50% over a period of one or two hours, while the surface moisture content remained constant.  And third, radiosonde measurements of humidity have issues, in that these measurements aren't necessarily very accurate.  These are some pretty serious reasons as to why we need a better means of determining atmospheric water content.


This is the reason Westwater came up with the microwave radiometer.  It is a passive sensor in the microwave, specifically the SHF and EHF bands (22-32 GHz and 48-71 GHz in frequency, usually).  This technique has been proven to be an exceptionally accurate one for providing column integrated liquid water and water vapor content.  It also has been able to provide, albeit with a lesser degree of accuracy, vertical profiles of water vapor and liquid water, as well as temperature.  More importantly, microwave radiometers can operate in nearly all conditions, regardless of weather.

Over the course of this lecture, I will discuss how microwave radiometers determine path-integrated measurements of water vapor, vertical profiles of water vapor, and vertical profiles of temperature.  I will cover both ground-based and space-based microwave radiometers.  I will also discuss some of the drawbacks of this technique (there are always drawbacks), including the tendency of these instruments to drift and how to calibrate them.  I will also go into a few details on how these measurements are used in operational settings.

Let's start with the reason these devices were designed - to measure column-integrated quantities.  To do that, we first need to start with a discussion of the properties of water.  You'll remember that when we discussed Bragg scatter, there was a specific wavelength of sea surface waves in which the radiation was scattered directly back to the transmitter.  This is called the resonant frequency for capillary waves.  Well, lots of things can have resonant frequencies, including water molecules.  However, the mechanism is a little different.  Water molecules have a temperature, so they are always vibrating.  There is a frequency, specifically 22.235 GHz, at which water is resonant.  This means that if water receives radiation at this frequency, the radiation constructively interferes with the water molecule's vibrations, and it makes the molecule vibrate faster.  As we know, faster vibration is pretty much the same as a higher temperature.  This in turn causes the water molecule to emit more radiation at 22.235 GHz.  (This is an expression of something called Kirchoff's Law, which more or less states that absorption equals emission.)


As a side note, this is how your microwave oven works.  The oven generates radiation at a frequency just off 22.235 GHz, which causes the water molecules in your food to vibrate faster, although not quite as fast as if they were radiated with 22.235 GHz.  This in turn heats the molecules up, which makes your food hotter.  It's a pretty simple concept.  This is also why they tell you not to stand in front of a microwave oven.  Your body is about 70% water, and if any of those microwaves escape, they can start causing molecules in your body to vibrate, and you really don't need that extra vibrational energy.

Getting back to the point, water molecules are emitting radiation in all directions in a band of radiation (multiple frequencies) with a peak at 22.235 GHz.  So let's imagine a column of water molecules, all radiating microwave energy.  We put a microwave radiometer at the bottom of the column and point it up.  We can take one measurement for all of these columns, plug it into a simple equation for radiative transfer (which I'm not going to repeat here, since it's more complex than it is illustrative), and we can determine the total optical depth in the column.  By measuring in two different frequencies, we can determine the contribution to that optical depth of liquid water and the contribution of water vapor, from which we can determine (again using a simple equation) total precipitable water and total liquid water.  (I'll talk about these two different frequencies and how we do that in a few minutes.)

The equations can change a little bit, depending on whether the clouds above (assuming there are any) are precipitating, but the general idea is the same.  This method is exceptionally accurate in determining column-integrated quantities.  Also, this has a distinct advantage over radiosondes, in that you get measurements every 20 minutes.


One of the more interesting ways of using these quantities is a technique called "merged sounding", which was pioneered by Dr. Miller and colleagues.  Essentially, what they do is take these column profiles, and they feed it into the weather forecasting model run by the European Center for Medium-Range Weather Forecasting.  Then they run the model, and they can actually use this to correct radiosonde data.  This has become a relatively standard technique.

So let's talk about how you can use microwave radiometers as humidity profilers.  Here is a figure showing the absorption spectrum in a band of around 20-32 GHz.
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You can see pretty clearly that there is a large absorption peak at 22.235 GHz, which is due to water.  Let's say we have a microwave radiometer, and we put it on the ground in order to measure water vapor in the column above.

FIGURE

All of the water molecules above the sensor are radiating energy at 22.235 GHz in all directions.

Will the sensor see molecule A?  (no)
Molecule A radiates 22.235 GHz radiation downward, but almost all of it gets absorbed by molecule B because water tends to absorb a LOT of radiation at this wavelength (as you saw from the above figure).  So all the radiometer sees is molecule B.  Since there's water vapor in pretty much the entire column, a radiometer tuned to this frequency will only see the water molecules immediately above it.  That's good for determining total water content, since effectively, the radiation from the above molecules will all accumulate in the molecule immediately above the sensor, but it's not very useful for determining a vertical profile.


So the way we get around this is by calibrating the sensor to a frequency just off the resonant frequency.

FIGURE

Absorptivity goes down, as does emissivity (by Kirchoff's Law).  So let's look at the same figure:

FIGURE

Again, A and B are radiating in all directions, including downward, at this new frequency.  But this time, some of the energy radiated downward by A gets through, because B isn't as good at absorbing at this frequency.  That means we can see water molecules a little bit higher up in the column.  So we do this at a few frequencies, and then we can measure radiation being emitted at multiple heights in the column, which gives us a sounding.


There is a lot more to it than this, including some pretty heavy duty radiative transfer theory, as well as something called weighting functions (which basically determine how much the reading at each frequency should be weighted with height), but I'm not going to get into the details here.


Let's now talk about some of the frequencies that are measured in the band I've pictured here (20-32 GHz).  Most microwave radiometers have 5 channels in this band, meaning they measure 5 frequencies at the same time.  Each group has their own preference as to which frequencies are measured, but some of the more common/important ones are 20.6 GHz, 22.235 GHz, and 31.65 GHz.


We've talked about 22.235 GHz, which will give the strongest return and is the best for determining total column water content.  So let's talk about 20.6 GHz.


Choosing a single frequency to observe is a little tricky, since instruments aren't perfect.  You don't actually get the exact value you're looking for.  Instead, there is a line width, i.e. if you want to observe 22.235 GHz, you might end up with 22.235±0.5 GHz.  This 0.5 GHz is called the line width.  Depending on your line width, your absorption curves will look different.

FIGURE

If we look at these three sample curves for various line widths, we notice that they all pretty much have the same value at 20.6 GHz.  So if we measure at this frequency, we can be pretty confident that the line width doesn't matter, which reduces the sources of error we need to worry about.  (There is a similar feature at 24.4 GHz.)


Now let's talk about 31.65 GHz.

FIGURE

You'll notice there is a relative minimum of absorption on this line.  So let's go back to our discussion of resonant frequency.  At 22.235 GHz, water is resonant.  It doesn't matter if this water is a vapor or a liquid.  It still resonates, and it still shows up in 22.235 GHz measurements.  At 31.65 GHz, water vapor emission drops off, but liquid water emission drops off slightly less, i.e. this frequency is much more sensitive to liquid water than it is to water vapor.  So taking a measurement here will allow us to differentiate between whether we're seeing water vapor or liquid water.

One major problem with this technique is that it's not very accurate.  The best vertical resolution we can get is about 1 km, which is pretty useless when we're trying to figure out where a cloud is or where a temperature inversion is.  (This is the reason Dr. Miller doesn't really like using these as humidity profilers.)

We've talked about 5 channels of a microwave radiometer, but most microwave radiometers have 12 channels total.  These other 7 channels are centered around 60 GHz (in the band 48-71 GHz).  What we're measuring here is oxygen which has a resonant frequency of around 60 GHz.  And there's more to it than that.  The amount of emission of oxygen (at a given frequency) is highly dependent upon temperature.  So we can use this band as a temperature profiler.
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For precipitable water values less than 2.5 mm (i.e. very dry conditions), the 31.65 GHz frequency isn't really sensitive enough to distinguish liquid water from water vapor, so we need to use another channel.
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There is another very strong water line at 183 GHz, in what is called the G-band.  This line is very sensitive to liquid water.  There is currently one ground-based radiometer at this wavelength in deployment by the ARM program at the North Slope of Alaska site in Barrow.  These are also mounted on aircraft.

Now that we've established the basics of ground-based microwave radiometers, we need to talk about how to calibrate them.  One method has already been discussed in class, where you point the radiometer at something with a known temperature, like a hot wire or liquid nitrogen-cooled blackbody.  However, this is often not very practical and requires a lot of power.  The most effective method is something called tipping calibration.  This technique was developed for the ARM-CART (cloud and radiation testbed) site.


Essentially, you take the radiometer, and you start tipping it, measuring the optical depth at a bunch of different angles.  (Note:  You need to have clear sky conditions in order to do this.  Clear sky optical depths and cloud optical depths are very different.)  So you have a bunch of data with optical depth as a function of angle.  Instead of angle, you can normalize this into a quantity called atmospheric mass.

atmospheric mass

(Note:  Technically, the equation for atmospheric mass is slightly more complicated than this, because you have to correct for atmospheric refraction and refraction due to the curvature of the earth.  However, this is a pretty good estimate.)  So what we do is plot these on something called a Langley plot.

FIGURE

Let's think about atmospheric mass for a little bit.  The name is pretty suggestive, in that atmospheric mass is a measurement of how much of the atmosphere we're looking through in order to get our reading.  So if we somehow were looking through none of the atmosphere, we wouldn't expect any optical depth.  That basically means we decide that when a=0, tau=0.  Now, we're never going to be able to measure a=0, because it doesn't exist in the real atmosphere.  But what we can do is take our Langley plot, do a least-squares fit, and extrapolate back to a=0.  In theory, we should get tau=0 for a=0.  In practice, if the instrument has drifted, we won't get tau=0.  So this tells us how much we need to correct the radiometer.  If we do these tipping calibrations often enough, we will be able to correctly determine measurements of optical depth and by how much our measurements are off.
