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ABSTRACT

Satellite microwave measurements of surface wind speed from the Special
Sensor Microwave/Imager (SSM/I) and brightness temperature measurements from the
Microwave Sounding Unit (MSU) are examined for four polar low cases. Polar lows
span a variety of structures and often share features in common with tropical cyclones,
such as the presence of a clear eye and a warm central core. Studies of tropical
cyclones with the MSU have shown the presence of a warm core over the storm. This
has been related to central pressure deficit and the wind field. This study explores the
application of similar techniques to polar lows.

Isolated warm cores are found in two of the four polar lows studied. Warming
of up to 3 K is noted. The possibility of effects other than temperature change in the air
column as a cause for the brightness temperature changes is examined. Based on
previous studies of cloud and precipitation effects at these frequencies, it is concluded
that they can account for warming of up to 1 K. This leaves warming of up t0 2 K over
some of the polar lows. This is evidence that some polar lows do possess a warm core
structure which can be detected by satellite. The warming is most pronounced over
polar lows with well defined cloud bands.

Surface wind speed measurements from the SSM/I appear to resolve the wind
field of the polar lows with less interference from precipitation than for tropical
cyclones. The wind speed measurements are used to infer the central pressure of the
polar lows. MSU brightness temperature anomalies are compared to the inferred
pressure deficits, with little correlation noted. Sources of error in this comparison
include poor fit of the wind model, storm asymmetry, and the possibility that the inner
and outer circulation of the polar lows are decoupled.

The conclusion from this study is that satellite microwave observations of polar

lows provide valuable information about these storms of the polar regions. The MSU
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can resolve warming over the center of some polar lows and the SSM/I can detect the
outer circulation. In the future, more observations of polar lows are needed to validate
the satellite measurements and to allow for modelling of the effect of polar lows on

microwave radiative transfer.
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Chapter 1
INTRODUCTION

Satellite remote sensing in the microwave portion of the spectrum has numer-
ous applications in atmospheric science. These applications have steadily expanded
since the first earth looking microwave radiometer was launched on the Soviet Cos-
mos 243 satellite in 1968. Among the atmospheric properties which can be remotely
sensed using microwave techniques are temperature and water vapor profiles, sur-
face wind speed, cloud.liquid water, and precipitating clouds. Surface properties
which have important effects on the atmosphere and can be sensed with microwave
methods are soil moisture., snow cover, sea surface temperature, and sea ice.

The polar regions and the oceans suffer from a paucity of in situ observational
data. Weather analysis and forecasting in the polar regions has benefitted greatly
through the use of infrared satellite imagery from polar orbiting satellites. Such
observations give a detailed view of cloud patterns but do not give more quantitative
information on the conditions within and below the clouds. In the polar regions,
such lack of data can cause dangerous storms to go undetected. There is a long
history of accidents involving small fishing boats in the northern oceans (Businger
and Reed, 1989a). A type of storm known as a polar low gives an example of
the difficulties of forecasting in the polar regions. Physical characteristics of polar
lows which can be retrieved from satellite data would be very useful to forecasters.
Research into the characteristics of polar lows and factors affecting their genesis
. would be aided by better observations of these storms, and satellites seem to be the

most efficient way to obtain such data in the polar regions. In addition, polar lows



may play important roles in the transfer of heat between the ocean and atmosphere

and in the formation of deep ocean water.

1.1 Research Objective

This study will examine polar lows using microwave remote sensing of surface
wind speed and tropospheric mean column temperature. Remote sensing of these
parameters has previously been applied in studies of tropical cyclones. Polar lows
have often been compared to tropical cyclones (Rasmussen (1989); Emanuel and
Rotunno (1989)) due to their similar appearance in satellite imagery and formation
over water. Whether the apparent similarity can be extended beyond appearance
to the dynamics of each system raises some intriguing questions. In particular,
the question of whether some polar lows are warm core systems, like the tropical
cyclone, has been raised both on theoretical and observational grounds. Previous
work on tropical cyclones with microwave techniques similar to those qsed in this
study has revealed a strong relationship between the satellite measured warm core
and central pressure and maximum winds (e.g. Velden, 1989; Kidder et al., 1980). In
this study, Microwave Sounding Unit (MSU) data from the NOAA-10 and NOAA-
11 satellites will be examined for the presence of a warm core around four polar
lows, with consideration being given to cloud and precipitation effects which could
interfere with the warming signal. Warm cores which are detected will be compared
to surface wind speeds at outer radii, these being determined from measurements of
the Special Sensor Microwave Imager (SSM/I) on board the Defense Meteorological
Satellite Program (DMSP) F8 satellite, in order see if a relationship can be found.
Such a relationship, if it exists, would be of great use for research and analysis of

polar lows.



1.2 Previous Satellite Microwave Observations of Temperature and
Wind Speed in Storms

This study, which explores how remotely sensed microwave parameters may
aid in the understanding of polar lows, was inspired by previous studies which used
microwave techniques to examine tropical cyclones. A review of these techniques
and their results will be given in order to examine their applicability to polar low
research.

An early exploration into the utility of satellite microwave data for remote
sensing of tropical cyclones was performed by Rosenkranz et al. (1976). Using the
Scanning Microwave Spectrometer (SCAMS), brightness temperature measurements
at 55.45 GHz over a tropical cyclone revealed the presence of a warm core of ap-
proximately 4 K amplitude. They also retrieved other parameters such as surface
wind speed around the storm by using the 22.23 and 31.65 GHz channels of the
SCAMS. In further work on the same storm, Grody et al. (1979) used 55.45 GHz
brightness temperature measurements to retrieve midtropospheric tangential wind
speed through thermal wind considerations.

A case study of Hurricane David by Grody and Shen (1982) examined the
influence of this storm on each MSU channel. A result of significance for this study
was that 53.74 GHz measurements showed contamination as a result of precipitation.
At 53.74 GHz, brightness temperature decreases up to 5 K were measured over the
hurricane in areas of heavy precipitation. The horizontal resolution of the MSU
measurements was from between 100 and 200 km. This channel was shown to
respond to the warm core of the hurricane despite the decreases in the warm anomaly
caused by precipitation. The strongest response to the warm core was from 54.96
GHz measurements of the MSU, a frequency which receives most of its temperature
signal from near 250 mb, which is close to the average level of maximum temperature

anomaly in a tropical cyclone.



Kidder et al. (1978) applied the response of the SCAMS upper tropospheric
temperature sounding channel to the warm anomaly of the tropical cyclone in order
to estimate tropical cyclone central pressure and in turn outer radii wind speeds.
The heart of the method was a linear regression between 55.45 GHz brightness tem-
perature anomaly and central pressuré as determined from aircraft measurements.
Their regression relationship is shown in Figure 1.1. Note the high correlation coef-
ficient of -0.859 for this relationship.

In cohtinuing work with this method, Kidder et al. (1980) continued to ex-
plore the relationship between 55.45 GHz brightness temperature anomaly and sur-
face pressure anomaly in tropical cyclones. They used mean temperature anomaly
profiles developed from composites of tropical cyclones and a radiative transfer
model to develop a relationship between brightness temperature anomaly and cen-
tral pressure anomaly. The outer wind field could then be deduced through the
gradient’ wind relationship. Their results indicated that radii of gale and storm
force winds could be determined to within about 80 km.

Velden and Smith (1983) used the higher resolution Microwave Sounding Unit
in a refinement of previous work with the SCAMS instrument. They also produced
temperature profiles from the four microwave temperature sounding channels to
allow them to examine temperature anomalies at the 250 mb level, near the average
level of greatest temperature anomaly in a tropical cyclone. Their results showed the
expected high correlation of high temperature anomaly with lower central pressure
and higher maximum wind speed for three cases.

Velden (1989) and Velden et al. (1991) continued examination of the mi-
crowave derived temperature anomaly versus tropical cyclone parameters for At-
lantic and Pacific storms. Plots of MSU derived 250 mb temperature anomaly ver-
sus surface pressure anomaly and maximum wind speed for North Atlantic tropical

cyclones are given in Figure 1.2. The effect of stratifying the results by latitude, eye
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size, and intensity tendency were discussed, with some improvements possible by
including these considerations. Weakening storms were not always accompanied by
a decrease in the warm core anomaly. This is due to the resolution limitation (100 to
200 km) of the MSU along with changes in the horizontal scale of the warming, as a
large area of weak temperature anomaly could have the same effect on the remotely
sensed temperatures as a small area with a strong temperature anomaly.

In an application of SSM/I data to tropical cyclones, Rappaport and Black
(1989) applied SSM/I products to Hurricane Gilbert in an exploratory study. They
noted that large areas of precipitation interfered with the ability of the SSM/I to
resolve the wind field, particularly over the inner portion of the storm. As of the
summer of 1992, SSM/I wind speed measurements were being used operationally
by hurricane forecasters to aid in the determination of the radius of gale force wind
around tropical systems.

Warming apparent in the 54.96 GHz channel of the MSU has been examined
with respect to extratropical cyclogenesis in the North Atlantic (Velden, 1992).
Preliminary results indicate that warming observed at this frequency, which has most
of its signal from the upper troposphere, can be correlated with central pressure.
Tropopause folding is a possible explanation for the warming observed with the
MSU. Polar lows may have more than satellite signatures in common with rapidly
deepening extratropical cyclones. According to Businger (1985), deep convection
occurring at the time of most rapid deepening may be a common element for polar
lows, comma clouds, and midlatitude cyclones.

The summary of results in this section indicate that satellite microwave mea-
surements can be useful tools for diagnosing tropical storms and possibly midlat-
itude cyclones as well. Polar lows are another type of storm for which microwave
measurements may hold promise. Previous work on polar lows with microwave

measurements will now be discussed.



1.3 Previous Microwave Observations of Polar Lows with Satellites

Early investigations of polar lows with satellite data utilized infrared imagery
from polar orbiting satellites (e.g. Forbes and Lottes, 1985). More recent studies at
microwave frequencies have examined the temperature structure and surface wind

speed structure for selected cases.
1.3.1 Satellite Temperature Soundings

The first study of a polar low using satellite soundings was performed by
Steffensen and Rasmussen (1986). TOVS satellite sounding products, which employ
the Microwave Sounding Unit as part of the retrieval, were used to examine the
temperature structure of a polar low in the Norwegian Sea in December, 1981. Their
interesting results showed a warm core at 500 and 850 mb. The TOVS temperature -
retrievals are shown in Figure°1.3. Warm cores were also seen at 850 and 500 mb
at other times on the same day from other satellite overpasses. Steffensen and
‘Rasmussen expressed hope for satellite sounder tracking of upper level cold pools
which may be a precursor to polar low development.

In a study of an Antarctic subsynoptic-scale vortex, Warren and Turner
(1989) noted the development of a 700 km scale mesoscale vortex in a baroclinic zone
associated with decreasing 1000 to 500 mb thickness. They determined the thick-
ness fields through satellite soundings, using an 80 km resolution inversion method.
They speculated that the destabilization of the atmosphere associated with reduced
thickness over the ocean was a key factor in the development of the mesoscale vortex.

Accurate satellite soundings in the polar regions are particularly difficult to
obtain due to a number of factors. These include the presence of sea ice, low level
temperature inversions, low clouds,‘ and the difficult validation problem. Claud et al.
(1992Db) used a retrieval algorithm (the Improved Initialization Inversion - 3I) which

has been specially modified for use in the polar regions. A major modification is the
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Figure 1.3: Top: 500 mb TOVS temperatures in negative degrees Celsius for Decem-
ber 11, 1981 0913 UTC . Note the warm area centered near 70° N, 0° W coincident
with the location of a polar low. Bottom: 850 mb TOVS temperatures for the same
date at 0317 UTC (from Steffensen and Rasmussen, 1986).
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use of the MSU channels to determine the location of sea ice, which is radiatively
similar to low clouds in the infrared channels. With the use of the 3I algorithm at
100 km resolution, the temperature of the lower stratosphere was determined. A
polar low was located in a region of higher lower stratospheric temperatures. This
implies a lowering of pressure at the surface. Whether this was a tropopause fold
in the case of this polar low remains to be addressed. It is interesting to note in
this regard that Shapiro et al. (1987) found a maximum of total columnar ozone,
as deduced ffom the satellite-borne Total Ozone Mapping Spectrometer, over and
west of a polar low.

Turner et al. (1992) used satellite soundings produced with the International
TOVS processing package to compare satellite derived fields of temperature around
a polar low with aircraft observations from Shapiro et al. (1987). None of the high
resolution aircraft observations were used as a first eguess in the retrieval. The re-
sults indicated that significant mesoscale detail could be obtained from the satellite
soundings as compared to synoptic observations. Around the polar low, satellite
soundings detected a warm core in the 1000-500 mb thickness field, shown in Fig-
ure 1.4. The aircraft observations detected this warm area as well. This is important
validation of the ability of satellite sounders to detect the warm core in a polar low.
Turner et al. (1992) interpreted the warm core as the result of a seclusion process in
which warm air is isolated in the center of the system as cold air wraps around the
base. The TOVS temperature retrieval nearest the center was biased up to 7° C too
cold below 850 mb as compared to the aircraft data. Turner et al. (1992) attributed
the cold bias to strong surface heat fluxes which modified the lowest layers. The
initial guess available to the inversion scheme did not have this low level surface
heating and it is not surprising that the lowest sounding. channels could not detect
it. They also speculated that cloud clearing in partly cloudy areas may not have

been effective. Features in the satellite soundings and aircraft were mislocated up to
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70°N

Figure 1.4: TOVS 1000-500 mb thickness fields (gpm/10 minus 500 m) at 40 m
contours on February 27, 1984 at 1523 UTC around the polar low investigated by

Shapiro et al. (1987). Note the warm seclusion in the clear area (from Turner et al.,
1992). :



12

100 km. The lack of coincidence in location is not surprising in light of the greater
than 100 km resolution of the MSU.

Of significance for this study, Turner et al. (1992) also examined fields of limb
corrected MSU 53.74 GHz brightness temperatures around the polar low to assess
the effect of cloud clearing. Their results did not show an isolated warm core in this
data but they did show the effect of cloud clearing problems, as evidenced by cold
temperatures in the satellite soundings with warmer temperatures in the microwave
channels.

Satellite temperature soundings with the current NOAA satellites have
demonstrated the ability to detect warm cores in some polar lows. This ability
makes satellites an important tool for researching and possible monitoring and fore-

casting of polar lows.
1.3.2 Surface Wind Speed

Gloersen et al. (1989) was the first to use passive microwave radiometry to
investigate surface wind speed a.nd cloud liquid water around a polar low. Their
algorithm used the 18 and 37 GHz frequencies of the Scanning Multichannel Mi-
crowave Radiometer (SMMR) and a regression against a limited tuning data set,
which included wind observations from the polar low they were investigating. Their
measurements were performed around a polar low which was investigated by air-
craft (Shapiro et al., 1987). The results showed that satellite microwave observations
could be used to improve the detail in synoptic analyses and to interpolate between
conventional wind speed observations.

Claud et al. (1991) were able to diagnose a sharp gradient in wind speed
(from 5 to 25 m/s in 100 km) around a polar low in the Norwegian Sea.  The
strong gradient was validated by altimeter measurements of the GEOSAT satellite.
Comparisons of SSM/I and GEOSAT wind speeds showed the SSM/I biased a few

meters per second high as compared to the GEOSAT, although measurement time
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differences of a few hours make the conclusions equivocable. Cloud liquid water
amounts of 0.20kg/m? were returned over the clouds of the polar low with a well
defined crescent shape present in the 85 GHz scattering index, which responds to
deep convection (Petty and Katsaros, 1990).

A variety of parameters were derived by Claud et al. (1992a) from SSM/I and
TOVS during a cold air outbreak and associated polar low. Surface wind speeds
from the SSM/I were shown to agree well with synoptic analyses. They speculated
on the effect that low level stability may have on the transfer of momentum from
the atmosphere to the sea surface. Factors such as this may have the effect of
decoupling the sea state from the wind speed. Cloud liquid water and the scattering
index (Petty and Katsaros, 1990) from the 85 GHz channels gave an indication of
the convective cloudiness associated with the polar low. The detection of a polar
low is important because the determination of the existence of a polar low is a
'difficult forecasting problem, since polar lows are often unresolved by conventional
observations. Integrated water vapor patterns were also derived from the SSM/I and
compared to results obtained with TOVS through the 3I method, with similarities
in large-scale features.

Rasmussen et al. (1992) investigated surface wind speeds around the much
studied “Bear Island” polar low of 1982 using a two channel 37 GHz algorithm
which they developed for the SMMR. Only the 37 GHz channels were used in their
method in order to achieve the best possible resolution. Their results showed an
area of gale-force winds in the same location where cloud streets in infrared satellite
imagery suggested a cold air outbreak.

In summary, microwave remote sensing of polar lows is in its infancy. A
number of case studies, including some new data presented in this paper, have
revealed the utility of satellite microwave observations of polar lows. This is in spite

of the horizontal resolution limitations of current satellite microwave instruments.
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The application of new forms of satellite data to polar low research was the theme
of a meeting of the European Polar Lows Working Group which was held in June,

1992 in Hvanneyri, Iceland (Rasmussen et al. (1993)).



Chapter 2

CHARACTERISTICS OF POLAR LOWS

The atmospheric disturbances which we now call polar lows have only become
an object of study in their own right in the last 25 years. For years forecasters
were aware of violent storms which developed suddenly in the polar regions. These
small scale storms were difficult to detect and forecast due to their size, typical life
cycle of two days or less, and occurrence in data sparse regions. Meteorological
satellites have led to a better understanding of high latitude meteorology and better
early detection of polar lows. For the forecaster, polar lows are still unresolved by
operational models (Businger and Reed, 1989a), but the large scale environment
which is conducive to polar low formation can be diagnosed by the models. There is
still much to be learned about these storms and many of the basic issues regarding
polar lows, such as the definition and how the dynamics operate, are still being
discussed. Polar low formation and intensification has been discussed in terms of
varying degrees of baroclinic and diabatic processes, with a spectrum of intermediate

types possible (Craig and Cho, 1989).

2.1 Definition of a Polar Low

Businger (1985) lists the following typical characteristics of polar lows in the
Norwegian Sea region, an area where polar lows have been extensively studied:

d Generally asymmetrical spiral cloud pattern

- Generally limited to the winter half of the year

- Dimensions of 200 to 500 km
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- Below average temperatures at 500 mb; atmosphere conditionally unstable

- Often accompanied by convective showers or thunderstorms

- Circulation strongest near the surface

- Form poleward of jet streams

- Form over open water and fill over land

- Often form near a low level baroclinic zone such as an ice edge

It is likely that these features are also common in the Labrador Sea region,
the source for the cases in this study. In order to discuss polar lows it is necessary
to define a polar low. The definition of a polar low periodically comes up for review
(e.g. Rasmussen and Lystad, 1987). A difficulty with defining a polar low is that
polar lows frequently transcend the categories, for instance starting as a mass of
convective clouds and then assuming the structure of a baroclinic wave.

A definition widely used at the current time comes from Businger and Reed

(1989b). They define a polar low as

“Any type of small synoptic- or sub-synoptic scale cyclone that forms in "
a cold air mass poleward of major jet streams or frontal zones and whose

main cloud mass is largely of convective origin.”
Rasmussen (1989) has modified the above definition to read

“A polar low is a small scale synoptic or subsynoptic scale cyclone that
forms in the cold air mass poleward of the main baroclinic zone and/or
major secondary fronts. It will often be of a convective nature but baro-

clinic effects may be important.”

Other definitions of polar lows have been proposed which are more specialized and
include only a portion of the polar lows covered by the above definitions. For
instance, Businger and Baik (1991) define a type of polar low which they call an

arctic hurricane as
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“A polar low with symmetric signature and threshold winds greater than
25 m/s, in which surface fluxes play the dominant role in the structure

and sustenance of the mature storm.”

The analogy between polar lows and tropical cyclones is frequently made due to
several similarities between the two systems. For instance, Rasmussen (1986) notes
a proposed definition which defines a polar low as a warm core vortex consisting of

deep cumulonimbus clouds.
2.1.1 Types of Polar Lows

The issue of how polar lows are formed and what physical mechanisms are
important for their formation has led to various classifications of polar low types
which fall under the broad definition given by Businger and Reed (1989b). These
types differ in the importance of baroclinicity and surface fluxes of latent and sensible
heat. The discussion of the roles of baroclinicity and surface fluxes has been a central
theme in polar low research since Harrold a..nd Browning’s (1969) research.

Businger and Reed (1989a) define three types of polar low:

1) Short-Wave / Jet-Streak Type: A large mesoscale to small synoptic-
scale comma shaped cloud pattern that develops in regions of enhanced
baroclinicity and positive vorticity advection aloft. They generally occur

over the oceans (Figure 2.1).

2) Arctic-Front Type: Polar lows formed along the ice margin, where
outflows occur from the ice over the relatively warmer ice free water.

They dissipate when not over water (Figure 2.2).

3) Cold-Low Type: Convective spirals which occur in the inner cores
of old occlusions without any low-level baroclinic features. They do not
necessarily occur in the polar regions, for example a cold-low investigated

by Rasmussen and Zick (1987) occurred in the Mediterranean Sea.
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As noted above, combinations of the two types can occur, for instance when

an upper level trough crosses the ice edge.

2.2 Observations of Polar Lows

Our understanding of polar lows has increased over the past twenty years
through case studies of polar lows. These studies have recently included the first
research aircraft measurements of a polar low in the Norwegian Sea (Shapiro et al.,
1987). Other aircraft observations of polar lows have been performed in the Gulf
of Alaska (Douglas et al., 1991) and on the east coast of Greenland (Douglas et al.,
1990). This current total of about a half dozen polar lows investigated by aircraft
(Table 2.1) will no doubt increase with future efforts, but it underscores a basic
problem in polar low research, that of a lack of high spatial and temporal resolution

measurements. Tropical cyclones, with which polar lows are often compared, have

" Date Location l Reference ||
Jan. 17, 1982 Pacific Businger and Hobbs (1987) (comma cld.)
Feb. 10, 1982 Pacific Businger and Hobbs (1987) (comma cld.)
Feb. 27, 1984 | Norwegian Sea Shapiro et al. (1987)

Feb. 29, 1984 | Norwegian Sea Rabbe (1987)

Mar. 13,1985 | Gulf of Alaska | Businger and Walter (1988) (comma cld.)
Mar. 4, 1987 Gulf of Alaska Douglas et al. (1991)

Mar. 5, 1987 Gulf of Alaska Douglas et al. (1991)

Dec. 1, 1987 Gulf of Alaska - Bond and Shapiro (1991)

Dec. 1, 1987 Gulf of Alaska Bond and Shapiro (1991)

Mar. 17, 1989 | East of Greenland Douglas et al. (1990)

Mar. 18, 1989 | East of Greenland Douglas et al. (1990)

Table 2.1: Polar lows investigated by aircraft as of December, 1992.

a much more extensive data base. For instance, Weatherford (1987) had access to
750 aircraft measurements of tropical cyclones for use in composite studies.

The aircraft observations of polar lows have shown the existence of a circu-
lation which is strongest at low levels with the warmest air near the center of the

storm. The size of the disturbances (outermost closed isobar) ranged up to about
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400 km. A warm core observed by observed by aircraft, evidenced by increased
thickness near the storm center, is shown in Figure 2.3. It had a magnitude of 5 K
in the layer from 1013 to 580 mb. The cases investigated by aircraft had maximum
winds of 20 to 35 m/s and pressure deficits of 5 to 20 mb. The radius of maximum
winds was about 100 km from the center.

Many case studies based on conventional observations of polar lows have
been carried out. These studies have also found the existence of a warm core, e.g.
Businger and Baik (1991). Surface pressure anomalies associated with polar lows
have ranged up to 20 mb. Up to 35 mm of precipitation was reported by with
a polar low by Rabbe (1987). Polar lows may consist of an intense inner core
with attendant strong convection through the entire troposphere. Rasmussen et
al. (1992) have documented the existence of “arctic instability lows” in areas of
preexisting circulation. These are of a scale of less than 100 km. @kland (1987) has
~ also documented an intense inner core within a vortex of larger dimension. Deep
convective clouds in polar lon have been observed to reach up above 500 mb, based

on infrared temperatures measured from satellites (e.g. Rabbe (1987); Nordeng and

Rasmussen (1992)).

2.3 A Conceptual Polar Low

Based on our knowledge of polar lows, it is possible to construct a conceptual
account of polar low weather. Heavy snow squalls, lightning, and rising temperatures
to near 0° C occur as the storm center approaches. Winds may gust from gale
to hurricane force and spray from the sea may encrust any exposed object such
as a ship, creating a very hazardous situation. The rapid increase in wind speed
is characteristic of polar lows (Rabbe, 1987). As the center of the storm passes,
surface. temperatures reach a maximum, surface pressure reaches a minimum, and
the winds are reduced ‘to 5-10 m / s. The clouds may break up but soon the winds

change direction 180° and the weather is poor again until the storm is past. The
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Figure 2.3: 1013 to 580 mb thickness contoured at 10 m intervals (heavy lines) with
956 mb streamlines (faint lines) for a polar low investigated by aircraft. Note the
warm core of the polar low, as shown by the maximum in thickness near the polar
low center (from Douglas and Shapiro, 1989).
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entire storm may last on the order of six hours. Families of polar lows can occur,
as documented by Rasmussen et al. (1992). Forecasting experience (Midtbg, 1986)
has shown that polar lows often follow the steering winds in the 850-700 mb level.

A conceptual model of cloud pattern, streamlines, and temperature structure
has been given by Douglas and Shapiro (1989) and is shown in Figure 2.4, along
with an infrared satellite image of a polar low which fits the conceptual diagram.
The degree of symmetry of the cloud bands of polar lows is quite variable, ranging
from a comrha shaped cloud shield to symmetric spirals which resemble tropical
cyclones. Some polar lows have cloud free inner areas which can strikingly resemble
the eye of a tropical cyclone (e.g. Rasmussen et al. (1992)), although whether the
eye is caused by a descending eyewall circulation, as in a tropical cyclone, is not
well established (Qkland, 1989). An excellent review of polar lows is presented in

Twitchell et al. (1989).

2.4 Climatological Occurrence of Polar Lows

Polar lows occur almost exclusively during the colder months of the year.
Figure 2.4 shows histograms of polar low occurrence for regions near Norway and in
the Bering Sea. Note the maxima in the winter months. Other preferred regions for
polar low formation are the area east of Greenland and the Labrador Sea. Parker and
Hudson (1991) present a climatology of polar low occurrence in Canadian waters.

Polar low occurrence in the Southern Hemisphere has been studied by Fitch
and Carleton (1992). They point out the fact that although vortices similar to
Northern Hemisphere polar lows exist in the Antarctic, a direct analogy is difficult
due to a number of factors. These include the lack of occurrence of warm ocean
water in close proximity to the sea ice boundary in the Antarctic, and the occurrence
of katabatic winds in the Antarctic which may be involved in forcing mesoscale

cyclogenesis.
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2.5 Significance of a Warm Core in Polar Lows

As a portion of this study examines the ability of current satellite microwave
sounding techniques to detect warm cores in polar lows, the implications of the
presence of a warm core will be examined. Warm cores near the surface have been
detailed in case studies of several polar lows using aircraft or conventional observa-
tions (e.g. Businger and. Baik, (1991); Douglas et al., (1991); Shapiro et al., (1987);
Rasmussen (1985)). As stated previously with respect to general characteristics of
polar low occurrence, there are often below average temperatures at 500 mb when
polar lows occur. Although polar lows may have a warm core near the surface, Dou-
glas et al. (1991) state that layer thickness analyses such as from 1000 to 500 mb
will not reveal the polar low structure because the layer consists of a shallow warm
layer along with an upper layer of colder air. They state that satellite soundings do
not have sufficient resolution to adequately describe the structure of the polar low.
This statement is challenged by the work of Turner et al. (1992), which detailed the
warm core of the polar low through satellite derived 1000 to 500 mb thickness fields.
It is likely that fhe ability of satellite soundings to determine the thermal structure
of a polar low is quite variable in light of the several types of polar lows previously
discussed.

The mechanism responsible for the formation of warm cores in some polar
lows has not been unequivocally determined, nor has the mechanism which initially
forms polar lows. Subsidence, which is responsible for the strong warming in tropical
cyclones, is not very effective in the polar atmosphere due to low water vapor mixing
ratios in polar regions (Rasmussen, 1989), with warming possible only in the lowest
layers. Theories for the development of a warm core have also included heating by
cumulus convection or heating by strong sensible heat fluxes from the surface. These
two theories are referred to as Conditional Instability of the Second Kind (CISK)

and Air Sea Interaction Instability (ASII), respectively. It is likely that in individual
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cases heating is caused by a combination of both processes (Van Delden, 1989a). In
addition, the formation of a warm core in some polar lows by a seclusion process
has been suggested (Shapiro et al. (1987); Turner et al. (1992)). Seclusion does not
require diabatic heating but rather occurs as cold air wraps around the polar low
and isolates warmer air near the center.

The seclusion process may be a feature which the polar low has in common
with with some intense marine cyclones, also known as “bombs”. Seclusion has
been observed in high resolution modelling of an occluded marine cyclone which
had a warm core (Kuo et al., 1992). The warming noted in the marine cyclone
did not occur from diabatic heating as in a tropical cyclone but rather formed as
a result of warm but not tropical air from ahead of the low being pinched off by
fast moving colder air. This warm core found in the marine cyclone formed in an
entirely different manner than the warm core observed in the tropical cyclone. It
is interesting to note that the seclusion process is only observed in ocean storms,
with reduced surface friction possibly playing a role here (Kuo et al., 1992). The
warm cores observed in some polar lows may be the result of a combination of the
processes discussed here.

The CISK hypothesis for polar lows was first put forward by Rasmussen
(1979). CISK requires some type of preexisting disturbance for the feedback process
to be initiated. It states that moisture convergeﬁce will enhance cumulus convection,
which will then lower the ambient pressure through latent heating and increase
the moisture convergence, leading to more upward motion and a positive feedback.
The idea of CISK has been used to explain tropical cyclone intensification, where
abundant moisture is available for latent heating. A criticism of the CISK hypothesis
is that a reservoir of buoyant energy does not exist for convection to sustain itself
(Eman1'1el and Rotunno, 1989), and therefore some additional surface energy input
is needed. Craig and Cho (1988) note that the presence of a warm core in a polar

low does not necessarily imply CISK.
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The Air Sea Interaction Instability (ASII) theory (Emanuel and Rotunno,
1989) supplies the required energy input through strong surface fluxes of sensible
and latent heat. These fluxes are present in the polar low environment due to strong
winds and large temperature contrasts between the ocean surface and the boundary
layer air, conditions which are presumably supplied by some initial disturbance.
These surface fluxes lead to falling surface pressure and increased surface winds,
forming a positive feedback. The presence of strong surface fluxes around polar
lows has been well documented (Businger and Baik, 1991; Shapiro et al., 1987).
Total heat fluxes of approximately 1000 W/m? have been observed, comparable to
values in tropical cyclones, with Bowen ratios of 1 or greater. The great flux of
sensible heat relative to latent heat is a key difference between the environment of
the polar low and the tropical cyclone, which typically has a Bowen ratio of 0.1.

The ASII and CISK processes require some type of pre-existing disturbance
before they become active, for instance baroclinic instability or topographic forcing.
It is also possible that the pressure field could adjust to some initial wind field in
a manner which could develop a warm core. A warm core is postulated to form
via the ASII process through the replacement the original cool column of air with
warmer air from the surface. Sensible heat fluxes may contribute to the warming
directly and also through destabilization of the lower layers, allowing convection
and latent heating to occur over a deeper layer. Surface fluxes are the primary
ingredient for in the ASII theory. The large temperature contrasts between the sea
surface and the boundary layer air allow for strong sensible heat fluxes. Through
use of an axisymmetric model designed for hurricanes, Emanuel and Rotunno (1989)
were able to successfully simulate a polar low given a preexisting disturbance. The
idea that polar lows may intensify through the ASII process has been supported by
the modelling and observational work of Businger and Baik (1991). Their model

determination of temperature deviation from the lateral boundary condition over
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500 mb

. 700 mb

Figure 2.6: Cross section of temperature deviation from the model lateral boundary
condition (contour interval 1° C) for a polar low (from Businger and Baik, 1991).
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a mature polar low is shown in Figure 2.6. Note the warming near the center of
the storm and the strong low level warming, due to sensible heat fluxes from the
surface. This low level warming is not seen in tropical cyclone simulations.

The role of surface fluxes in rapidly intensifying marine cyclones has been
investigated by (Kuo et al., 1991). Modelling work revealed that strong surface
fluxes are not necessary at the time of most rapid cyclone intensification. However,
eliminating the surface fluxes in the period 24 hours before the most rapid deepening
led to a reduced storm intensity. Apparently, surfaces fluxes of latent heat which
occur before explosive development can be stored and released by the system at a
later time. Surface sensible heat fluxes which occur before most rapid deepening
can also aid the development at a later time through the formation of low level
baroclinicity such as a coastal front. Surface fluxes can even become reversed and
lead to weakening of the marine cyclone. Application of these results to polar lows
is difficult due to the greater role of sensible heat and the shorter life cycle of the
polar low as compared to the marine cyclone.

The effects of diabatic heating proportional to surface wind speed versus
diabatic heating proportional to moisture convergence has been investigated numer-
ically by @kland and Schyberg (1987). They note that sensible heating from the
surface will occur at the same location as the corresponding flux while heating due to
condensation can occur away from the source of the moisture. Their results showed
that heating proportional to surface wind speed resulted in an area of downward
motion at the center of the vortex, which may relate to the eyes observed in some
polar lows, while heating proportional to moisture convergence led to intense upward
motion at the center of the vortex. While the formation of an eye is a crucial step
in the intensification of a tropical cyclone (Anthes, 1982), Rasmussen (1989) points
out that the presence of a clear central area in a polar low does not necessarily imply

that there are exceptionally low central pressures. Nordeng and Rasmussen (1992)
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document a polar low with an exceptionally well-defined eye but a pressure deficit
of only about 5 mb.

@kland (1987) has pointed out that heating by CISK is possible only if clouds
in the central portion of the polar low are sufficiently deep, a typical value being tops
at the 400 to 600 mb level. Deep clouds are more efficient at producing precipitation
than shallow clouds and therefore would decrease the amount of evaporative cooling
which is occurring. Heavy precipitation has been observed in the central areas of
polar lows, as seen in Figure 2.7, where up to 35 mm was reported in a 12 hour
period. Wilhelmsen (1986) examined 38 cases of gale producing lows near Norway
and found a conditionally unstable lapse rate in the polar low environment in all
cases. This is an indication that polar lows with strong winds are associated with
deep convection.

Low 'level temperature inversions may also play a role in allowing deep convec-
tion to develop in 'the center of a polar low. @kland (1989) states that the presence
of a low level inversion in the polar low environment allows air which has received
strong surface fluxes to travel into the center to fuel deep precipitating convection,
leading to the formation of a warm core. The lack of such an inversion is given as
an explanation for the lack of polar low development in other cold air masses.

The development of a warm core in a polar low has been shown by Van
Delden (1989a) to determine whether diabatic heating will cause intensification or
weakening of the vortex. Intensification by diabatic heating can occur when the
length scale of the heating is greater than the local Rossby radius of deformation.
The presence of an initial circulation allows the Rossby radius of deformation to
become smaller and allows balanced flow to occur on smaller scales. Van Delden
(1989a) points out that a warm core cyclone has a greater deepening rate from
diabatic heating than a cold core cyclone, which may fill under the effect of diabatic

heating. The decreased inertial resistance to upper level outflow for a warm core
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LATITUDEC(CN)

Figure 2.7: 12 hour precipitation totals (mm) from a polar low (from Rabbe, 1987).
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cyclone is thought to be the reason for the enhanced deepening rates of the warm

core system.
2.5.1 Relationship Between Temperature and Pressure Anomalies

Mean column temperature anomaly and surface pressure anomaly are related

through the hydrostatic and ideal gas equations in the following form:

za
Ap = Pgnv(l - e.’l:p(gﬂ_fdt)) (2.1)

where Pgyv is the environmental pressure, Ap is the pressure difference between the
environment and an area whose mean column temperature differs by an amount Ar,
g is the acceleration due to gravity, Z is the height of an undisturbed pressure level,
R is the gas constant for dry air, and T is the average mean column temperature of
the region. Ar is defined as positive when the area under consideration is warmer
than the environment. The amount of pressure drop for one degree of mean column
temperature increase is shown in Figure 2.8 as a function of a given height of a
pressure surface which is undisturbed by the warming below. The amount of pressure
decrease per degree of warming is also a function of the assumed mean temperature
around the storm, shown as a family of lines for values from 230 K to 250 K (typical
polar low and tropical cyclone mean column temperatures, respectively). The value
ranges from 4 to 6 mb decrease per 1 K of mean column warming. For tropical
cyclones, Velden and Smith (1983) report an approximate theoretical value of 5.5
mb per degree of warming while for polar lows Rasmussen et al. (1992) reports a
value of 4 mb per degree of warming. This difference is due to the lower height of the
tropopause in the polar atmosphere as well as different environmental temperatures.
As will be shown in section 4.2, The 53.74 GHz channel of the MSU is basi-

cally a,.measure of mean tropospheric temperature so temperature anomalies mea-
sured in this channel should be an indirect measure of pressure deficits over the storm

in question. However, the resolution of the MSU is not high enough to resolve the
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strong warming in the eye and thus satellite techniques tend to underestimate the
warming. Velden and Smith (1983) estimate that their temperature anomalies for
tropical cyclones are too small by a factor of about 3. This is due to the poor
resolution of the MSU, the shape of the weighting function versus the shape of the
temperature anomaly with height, as well as the effects of precipitation in decreas-
ing the brightness temperatures. The significance of satellite detected warm cores is
that they indicate a pressure deficit associated with the polar low. This is important
since infrared satellite imagery of a cloud spiral which resembles a polar low does
not necessarily imply a surface circulation (Rasmussen, 1990). If a warm core is
detected, it would be an indication of a pressure deficit associated with the storm.

We see that the question of whether a polar low has a warm core is important
with respect to the issues of storm pressure deficit and deepening characteristics of
the vortex. The remainder of this paper will examine prihciples of microwave remote
sensing of temperature and wind speed and the application of these techniques to

some polar lows.
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Chapter 3

PASSIVE REMOTE SENSING WITH MICROWAVE RADIATION

3.1 Radiation at Microwave Frequencies

This study uses remotely sensed data in the microwave portion of the spec-
trum for the study of polar lows. This chapter will describe characteristics of mi-
crowave radiation and how microwave radiances at SSM/I and MSU frequencies are
affected by various atmospheric parameters.

The microwave region of the spectrum is not firmly defined (Ulaby et al.,
1981), but a convention is that it extends from 0.3 to 300 GHz (1 mm to 1 m). In.
this study, thermal emission from O, molecules is used to infer mean tropospheric
temperature. Thermal emission is described by the Planck function. The Planck
function expresses radiance L, as a function of wavelength and temperature for a

blackbody:
2hc? 1

Ly= \S (ehc/,\kT = 1)

(3.1)

where h is Planck’s constant, equal to 6.63 X 10°34 J s, v is the frequency, k is
Boltzmann’s constant of 1.38 x 10~23 J/K, and T is the absolute temperature and
A is the wavelength. A blackbody is one that absorbs all incident radiation and
emits at the maximum amount given by Planck’s function. According to Kirchoff’s
Law, a body in local thermodynamic equilibrium is as good of an absorber as it is
an emitter:

Q) = €y ) (3.2)

where a, is the absorptance at some wavelength and ¢, is the emittance at that wave-

length. The Planck function can be replaced by simpler approximations for certain
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portions of the spectrum. Fortunately, an approximation known as the Rayleigh-
Jeans approximation works well for the low frequency part of the microwave spec-
trum employed in this study, where hv/kT << 1. For conditions where AT > 0.77
m K, the Rayleigh-Jeans approximation can be used with an error of less than
1% (Ulaby et al., 1986). Using the Rayleigh-Jeans approximation, the microwave

radiance is linearly proportional to temperature:
Ly = 2keX™'T (3.3)

A plot of the Planck Function and the Rayleigh-Jean’s approximation is shown in
Figure 3.1. The Rayleigh-Jeans approximation works well for the low frequency
part of the microwave spectrum because radiance is nearly linearly proportional to
frequency in this region, as can be seen in Figure 3.1. For some applications with
the 85 GHz SSM/I frequencies, it is advisable to employ the full Planck function
rather than the Rayleigh-Jeans approximation. This is because errors from usihg
this approximation may exceed the instrument accuracy of 1.5 K (Jones and Vonder
Haar, 1989).

In the microwave portion of the spectrum, radiance in Equation 3.3 can be
divided by the terms multiplying the temperature and the resulting expression for
temperature is called the brightness temperature. Brightness temperature is linearly
proportional to radiance. The brightness temperature Tg of an object in thermo-
dynamic equilibrium is related to the physical temperature T's by the emissivity
€

TB(V, 0, P) = é(l/, 0, P)Ts (3.,4)

where the frequency, polarization, and viewing angle dependence of emissivity is
indicated by the terms v, 6, and P.
The polarization of microwave radiation is defined according to two com-

ponents of the electric field and their relationship to the plane of incidence. The
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plane of incidence of radiation is defined as the plane which contains the incident,
reflected, and transmitted propagation vectors of electromagnetic radiation imping-
ing on a surface. The vertically polarized component of the electric field lies in
the plane of incidence of radiation while the horizontally polarized component is

perpendicular to the plane of incidence.
3.1.1 Radiative Transfer

An understanding of microwave radiative transfer is necessary to interpret
remotely sensed data. The radiance received at a satellite is a function of many
surface and atmospheric variables. Since a part of this study examines the ability
of the MSU to detect warm cores associated with polar lows, factors not related
to temperature which could cause a warm core to be detected must be taken into
account. These factors include water vapor content, both frozen and liquid clouds
and precipitation, and changes at the surface. The effect of these processes is de-
scribed by the radiative transfer equation. The general form of the radiative transfer
equation will now be presented along with some more simplified forms.

It is necessary to first define a few terms which will appear in the radiative
transfer equation. Volume coefficients for total extinction, absorption, and scatter-
ing are given by o, 04, and o,, respectively. The extinction coefficient is the sum

of the absorption and scattering coeflicients:
O =04+ 0 (3.5)

The single scatter albedo, @, is defined as the ratio of energy lost by scattering to

total energy lost:
Js

Another useful quantity is the optical thickness é(ry, ;) between two points ry and

rq, defined as

72

8(r1,72) =/ oedr | (3.7)

T1
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and the transmittance between two points r; and r;, 7, defined as
T(r1,mg) = e~80072) (3.8)

The formal solution of the radiative transfer equation for the radiance at a

point r is given by (Ulaby et al., 1981)
L(r) = L(0)e®" + /or oo(r)J ()" D dr’ (3.9)

Where L(r) is the radiance at point r. Equation 3.9 says that the radiance received
at a point r is the sum of that emanating from the the boundary (r = 0) plus the
contribution from the material between point 0 and point r. The effective source
function J(r) is composed of an absorption source function J, and a scattering
source function J,. The effective total source function is related to the individual

source functions through the single scatter albedo (Ulaby et al., 1981):
J=(1-w)J, +wJ, (3.10)

The scattering source function may be replaced by a scattered radiometric temper-
ature Tscar through the use of the Rayleigh-Jeans approximation and a scattering
phase function. The scattering phase function weights the radiance incident from
a direction into another direction. We can now replace the radiances by the black-
body equivalent radiometric temperature, T4p, and the radiative transfer equation

for propagation in a direction r may be written as (Ulaby et al., 1981)
Tar(r) = Tapr(©)e 7 + [ 0,(r) [(1 = @)T(r") + @Tscar(r')] e dr’ (3.11)

where T'(r') is the physical temperature at point r. This is a general form of the
radiative transfer equation for an emitting surface and a scattering and emitting
atmosphere. Some of the complexity in the radiative transfer equation stems from

the fact that the scattered radiometric temperature is a function of the apparent
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temperature at a point 7, which is itself a function of the scattered radiometric
temperature.

A simplification which can be made under some circumstances at microwave
frequencies, such as clear skies, is that scattering is negligible. The effects of scat-
tering and its occurrence at frequencies used in this study will be examined in a
later section. If we assume no scattering the single scatter albedo = is equal to zero

and the radiative transfer equation takes the simplified form
Tup(r) = T4p(0)e™C7) 4 / " aa(r)T(r)e= " dy! (3.12)
0

Note that the extinction coefficient has been replaced by the absorption coefficient.
A common practice in satellite meteorology is to employ plane parallel ge-
ometry to refer the vertical coordinate to a unit length. The distance along a path

dr is related to the vertical depth dz by
dr = dzsecf (3.13)

where @ is the zenith angle, or the angle of incidence at the surface as measured from
the vertical. Plane parallel geometry implies that the temperature and absorption
coefficients are functions of height only.

As implied by 3.12, the apparent temperature sensed by a satellite for a
scatter free atmosphere is the sum of a surface contribution and an atmospheric

contribution. The upward emitted atmospheric component Typ is given by
Typ(v,8) = secd / 0a(2)T(2)e=5)sect g, (3.14)
0

Note that the integration can extend to oo for satellite applications since the ab-
sorption coefficients are equal to zero for free space.
The downward emitted component Tpy is given by the sum of downward

atmospheric emission and cosmic background emission:

Ton(v,0) = secoi/:o 04(2)T(2)e~@2* gz 4 Teos (3.15)
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The cosmic background radiation Tcogs has the constant value of 2.7 K and is inde-
pendent of frequency and zenith angle at microwave frequencies used in this study
(Ulaby et al., 1981). The reflected sky component Ts¢c is given by the downward
sky component Tpny weighted by some angular surface reflection distribution, which
varies depending on surface roughness.

The blackbody equivalent temperature sensed by a satellite radiometer from
a horizontally stratified atmosphere is given by the sum of atmospheric emission,
surface emission, and surface reflection , with the two surface components depleted

according to the transmittance of the intervening atmosphere:

Tap(v,0,P) = Typ(v, 0, P) + (0, 00) [TB(V, 0,P) + Tsc(v,6, P)] (3.16)
3.1.2 Surface Emittance and Reflectance

The surface components of the radiative transfer equation will now be dis-
cussed. Ché,nges in these quantities are used to retrieve wind speed at the ocean
surface and they can also present a source of noise to retrieval of other parameters
such as sea surface temperature (Milman, 1987).

It is simplest to begin with a description of the reflectance and emittance for
a specular surface (height variations small relative to wavelength). For example, a
specular condition may describe a calm mirror-like sea. The specular reflectivities,
the ratio of the amount of energy incident to the amount reflected, at horizontal or

vertical polarization for an air / water interface are computed through the Fresnel

formulae (Ulaby et al., 1986):

2

cosf — \/e, —sin? @

p(v,0,h) = | ————e (3.17)
cos 0 + y/€, — sin® §

2

w 0 - w in? 0

ke [e cos Ve st] (3.18)
€y Cos 0 + \/ew —sin® 4

where ¢, is the complex part of the dielectric constant of water.
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Since microwaves penetrate sea water to only about 1 cm depth (Ulaby et
al., 1986), through energy conservation for a specular sea surface we approach the

relation

€vp+ Pup =1 (3.19)

Since the reflectivity at each polarization can be determined from 3.17 and 3.18, the
brightness temperature of a given specular sea surface can be determined.

For a specular sea surface at a given frequency, 3.16 takes the form
TAP(O, H, P) = r((), H) {[1 - p(a, P)] Ts + p(o, P)TDN(O)} + Tup(o, H) (3.20)

The approximation of a specular surface has been made when remote sensing of
atmospheric variables is desired, for example Grody (1976).

The description of surface reflectance and emittance becomes more compli-
cated for a non-specular surface. Reflection from a rough surface can be expressed
in terms of a bidirectional reflectance function. This is a function which relates the
amc;unt of incident radiance at a particular polarization at a particular angle to that
reflected at a particular polarization and a particular angle. Such functions may be
unknown or very complicated for the case of a rough sea surface and approximations
are used in modelling these effects. The general form of the emittance of a rough
surface is given by (Ulaby et al., 1986):

1
47 cos 6

«0,P)=1— /; [0° 4 (e, 1) + 0°hy(1s, ;)] 4O (3.21)

The coefficients o° are scattering coefficients which are function of many variables,
such as the slope distribution and the viewing geometry. Incoming and outgoing
directions and polarizations are indicated by the subscripts and n; terms. The

reflected temperature contribution Ts¢ is given by

1
47 cos

Tsc(0,P) =

[ 10 (s i) + 0°5a(10, )] T ()02 (3.22)

Modelling work to approximate the effects of surface roughness will be discussed in

section 3.4.
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3.2 Absorption and Emission by Gases at Microwave Frequencies

Atmospheric gases such as water vapor and oxygen absorb and emit radiation
at certain frequencies, know as absorption lines. The radiation emitted by the atmo-
sphere is randomly polarized or unpolarized (Ulaby et al., 1981) while that from the
surface is polarized. These frequencies of absorption and emission lines are due to
energy transitions between the distinct energy levels of the molecule. Although the
absorption occurs at distinct frequencies, the absorption lines are broadened in the
atmosphere due to collisions and interactions with other components in the atmo-
sphere. In the microwave region of the spectrum, pressure broadening arising from
collisions between molecules is the most important cause of line broadening (Ulaby
et al., 1981). This means that absorption lines become broader at lower altitudes in
the atmosphere. Description of the absorption line shape for various gases has been
pursued both theoretically and experimentally, for example Rosenkranz (1975) and
Liebe et al. (1977). The gaseous absorption coefficient o, referred to previously can
be approximated through these types of models. The absorption coefficients can be
employed in radiative transfer models to determine transmittance characteristics of
the atmosphere. Figure 3.2 gives the transmittance in the microwave region for a
tropical, standard, and polar atmosphere, where each atmosphere has a specified
integrated water vapor amount. At the frequencies employed in this study, gaseous
absorption by O; and water vapor are of primary importance. The essential features
to note for the frequencies used in this study are the strong O, absorption region
centered at 60 GHz and the weak water vapor absorption near 22 GHz. Note also
that the transmittance for a polar atmosphere is greater than that for a tropical or
standard atmosphere due to less water vapor. The general decrease in transmittance
with increasing frequency is termed the water vapor absorption continuum.

Absorption bands are used for temperature sounding of the atmosphere.
Early work on remote sensing of atmospheric temperature profiles is discussed by

Staelin (1969) and Waters et al. (1975).
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The contribution of each level of the atmosphere to the radiance received by
a satellite is determined by a weighting function. The weighting function W(v, 6, z)
for a satellite temperature sounding channel for a plane parallel atmosphere at some

altitude z is given by (Ulaby et al., 1981)
W(v,0,2) = 04(z)e” 8% sec g (3.23)

The weighting functions for the MSU channels are illustrated in Figure 4.7.

There are three necessary characteristics for an absorbing gas to be used in
atmospheric temperature sounding. These characteristics are (Spencer et al., 1990):

1) The absorption is due to uniformly mixed gases whose absorption increases
uniformly with pressure.

2) The absorption of other variable atmospheric constituents is small as com-
pared to the uniformly mixed gas.

~ 3) The effects due to surface emissivity changes are small as compared to the

brightness temperature changes due to temperature changes.

The first criterion is met for O; in the atmosphere (Staelin, 1969). The other
two factors will be examined in more detail for the interpretation of results for the

polar low cases.

3.3 Effect of Hydrometeors at Microwave Frequencies

From Figure 3.2, which shows the transmittance of the atmosphere at mi-
crowave frequencies, we see that the atmosphere at microwave frequencies is mostly
transparent with respect to gaseous absorption except for a few absorption bands
previously mentioned. The presence of hydrometeors, cloud droplets and precipita-
tion, has a major effect on microwave radiances at these frequencies. This section
will examine the properties of hydrometeors at the frequencies of interest and their

effect on microwave radiances.
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Liquid water | Mode radius

density of distribution
Cloud name __(gm~3) (pm)
Cirrostratus, midlat. — 0.10 40.0
Low-lying stratus 0.25 10.0
Fog layer 0.15 20.0
Fair weather cumulus |- 0.50 10.0
Cumulus congestus 0.80 20.0

Table 3.1: Some properties of standard cloud models (adapted from Ulaby et al.,
1981).

The scattering and extinction efficiencies of spherical particles can be deter-
mined what is known as Mie theory. These efficiencies are expressed in infinite series
form. In Mie theory, the radiative properties of spherical particles are determined
by a size parameter, in the atmosphere equal to the circumference of the particle
divided by the wavelength of incident radiation, and the complex index of refraction
of the particle, which accounts for absorption in the particle. These terms deter-
mine the érnount of scattering and absorption of radiation for a given particle size
distribution.

At microwave frequencies, the dependence of scattering and extinction effi-
ciencies on particle size distribution can be eliminated through a truncation of the
infinite series by what is known as the Rayleigh approximation. This approximation
is justified when the product of the size parameter and the complex index of refrac-
tion of the water phase (liquid or ice) is sufficiently small (Ulaby et al., 1981). When
the Rayleigh approximation is valid, the extinction and scattering efficiencies have
the useful property that they are a function only of the integrated droplet liquid
water content and not of the droplet size distribution.

Some typical properties of precipitating and nonprecipitating clouds are listed
in Table 3.1. There is little observational data on cloud properties in polar lows, so
it is difficult to assign typical cloud properties to clouds in polar lows. From airborne

radar measurements in a polar low, Shapiro et al. (1987) found reflectivities of up
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to 45 dBZ in a 2 km deep layer near the surface, comparable in magnitude to
reflectivities in tropical cyclones, although the vertical extent of the high reflectivity
area was less.

Microwave remote sensing of hydrometeors can be divided into emission or
scattering based methods (Spencer et al., 1989). Emission based methods typically
rely on low frequency channels below 30 GHz while scattering based methods use
higher frequencies. The modelled response of the SSM/I frequencies to emission and
scattering for a Marshall-Palmer droplet size distribution can be seen in Figure 3.3.
The top plot shows the volume scattering coefficient as a function of rain rate. Note
the large response of the 85 GHz channels to scattering while the 19 GHz channels
show little response. Note also that the importance of scattering due to ice increases
as frequency increases. The middle box shows the volume absorption coefficient for
the same frequencies. Note that for all frequencies the absorption due to ice is
much less than the absorption due to water. This is a -feature of the microwave
region where the absorption due to ice is roughly two orders of magnitude less than
the absorption due to water. From this feature stems a most useful property of
microwaves for remote sensing - their ability to penetrate ice clouds such as thin
cirrus. Scattering affects the microwave radiances in precipitating ice clouds and can
be used as an indirect measurement of precipitation below (Spencer et al., 1989).
The bottom panel shows the single scatter albedo at these frequencies. Note the
very high values for ice clouds as compared to water clouds. Single scatter albedos
approaching unity mean that radiation from below the ice layer is depleted, and
since there are no other sources to replace it, low brightness temperatures result.

The response of the SSM/I frequencies to integrated cloud liquid water con-
tents with scattering neglected are given in Figure 3.4. Note that the polarization
difference decreases as the cloud water content increases.

Since microwave frequencies are sensitive to precipitation sized hydromete-

ors, brightness temperature-rain rate relationships have been developed for SSM/I
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frequencies. An example is shown in Figure 3.5. These relationships are not unique
due to vertical and horizontal variability in precipitating clouds. Note that pre-
cipitation over land causes brightness temperature decreases while over ocean the
brightness temperatures increase up to a point and then decreases. The increase
over water is due to the higher emissivity of a layer of water droplets than the ocean
surface at microwave frequencies. Even though the physical temperature of the pre-
cipitation may be lower than the surface, the higher emissivity leads to brightness
temperature increases up to a point until the colder physical temperature of the pre-
cipitation causes the brightness temperatures to decrease. Scattering is also a factor
in brightness temperature decreases. Since land has a high background emissivity,
precipitating clouds cause brightness temperatures to decrease over land.

An example of modelled effects of cloud water and precipitation on the MSU
channels is presented in Figure 3.6. This modelling was performed to assess the ef-
fect of tropical cyclone conditions on the MSU channels. Scattering was neglected,
a Marshall-Palmer droplet size distribution was assumed, and the Rayleigh approx-
imation was used to compute absorption coefficients. ‘The cloud was assumed to
exist from the sea surface to 300 mb. It can be seen that the MSU 50.30 GHz
channel shows increases in brightness temperature for both precipitating and non-
precipitating clouds while the sounding channels are less affected and show a few
degrees of cooling. Note that these results are for a deep cloud without an ice phase.
Ice aloft would cause even larger brightness temperature decreases due to scatter-
ing. Comparisons of MSU 53.74 GHz brightness temperatures with clear column
brightness temperatures computed from nearby radiosondes showed that satellite
observed brightness temperatures over the storm could be 2-3 K lower than clear
column values, with up to a 5 K decrease possible for conditions near the tropical
cyclone center (Grody and Shen, 1982).

A concern in using microwave sounding frequencies over precipitating regions

is that brightness temperatures will be reduced due to cloudiness and precipitation.
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Figure 3.5: Modelled brightness temperature-rain rate relationship at SSM/I fre-
quencies for ocean and land backgrounds. Note that precipitation causes brightness
temperatures to decrease over land while they initially increase over the ocean and
then decrease as the rain rate increases (from Spencer et al., 1989).



33

16

12

60.30 GHz Cloudy minus Clear Brightness Temperature (K)

64.96 GHz

(M) esmysiedwe ssoulybjsg Jee|n snujw Apnojo z2HO 968°¥S PuB ZHO FL°E9

4 =2
Non Precip.
o 1 1 1 o
0 1 2 3 4

Liquid Water Content (mm)

Figure 3.6: Simulated liquid water effects at MSU frequencies. Note the different
signs on the vertical axes. See text for details (from Grody and Shen, 1982).



54

This is especially true in tropical areas with high liquid water contents and deep
clouds. Procedures have been developed to screen out MSU brightness temperatures
wilich have been affected due to precipitating clouds over land (Chenggang and
Timchalk, 1988).

In summary, over the ocean cloud liquid water causes- brightness tempera-
tures to increase while liquid precipitation causes brightness temperatures to rapidly
increase and then decrease. Ice particles decrease brightness temperatures due to
scattering, with the effect becoming stronger at higher frequencies. Temperature
sounding channels are much less sensitive to precipitation and liquid water effects.
The effect of hydrometeors is dependent on the position of the peak of the weight-
ing function with respect to the cloud (Legleau, 1989). These general results will
be used to interpret brightness temperature changes at MSU frequencies over polar

lows which may not be due to air temperature changes in the column.

3.4 Ocean Surface Effects at Microwave Frequencies

As illustrated by the radiative transfer equation, surface characteristics can
have an effect on microwave radiation received at a satellite. The surface emits its
own radiation and reflects radiation emitted from above the surface by the atmo-
s