
Crystallization, composition ,gradients, hybrid 
lamination, and functionally graded or lay- 
ered coatings. 
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High-Resolution Water Vapor 
Mapping from lnterferometric 

Radar Measurements 
Ramon F. Hanuen,'* Tammy M. Weckwerth? 

Howard A. Zebker,' Roland Kleesl 

Spaceborne radar interferometric delay measurements were used to infer high- 
resolution maps of integrated atmospheric water vapor, which can be readily 
related to meteorological phenomena. Maps of the water vapor distribution 
associated with a precipitating cloud, a partly precipitating cold front, and 
horizontal convective rolls reveal quantitative measures that are not observed 
with conventional methods, and suggest that such radar observations can be 
used for forecasting and to study atmospheric dynamics. 

The spatial distribution of water vapor in 
Earth's atmosphere is important for climate 
studies (I), mesoscale meteorology (2, 3), 
and numerical forecasting (2). Although ex- 
tensive ground-based and upper-air sounding 
networks and spaceborne radiometers are 
routinely used, these measure the water vapor 
distribution only at coarse scales. These lim- 
itations form the main source of e m  in 
short-term (0- to 24-hour) precipitation fore- 
casts (2). For example, thunderstorm initia- 
tion and strength are sensitive to spatial and 
temporal variations in moisture of the order 
of 1 g per kilogram of dry air (1.2 Wa) and 
temperature of lo to 3OC (3, 4). Such varia- 
tions are common on a 1-km spatial scale (5). 
Spaceborne synthetic aperture radar (SAR), 
however, provides horizontal resolution as 
fine as 10 m over a swath typically 100 km 
wide (6). 

The delay variation of SAR signals prop ' 
agating through the atmosphere can be mea- 
sured by using the interferometric combina- 
tion of two observations over most land and 
rigid ice areas. Over water or other highly 
changeable surfaces the interferometric meth- 
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od does not work (7). SAR interferometry 
has been used successfully for geophysical 
applications, such as topographic mapping (8, 
9) and deformation measurements (6,lO-12). 
Atmospherically induced distortion has been 
observed in these applications (13-16) but 
has typically been treated as noise. Signal 
delay can be analyzed by eliminating the 
influence of topography using a reference 
elevation model (11, 14) and by diminishing 
the chance of surface deformation by using 
radar data pairs acquired within a relatively 
short interval (1 day or less). Then, the ob- 
served signal can be interpreted uniquely as 
the superposition of the atmospheric delay 
signal during the two acquisitions. 

The time, or phase, delay of radar signals 
in the clear atmosphere consists of ionospher- 
ic, hydrostatic, and "wet" components (17, 
18). Although the latter is the smallest of 
these in magnitude (<300 mm) (19), it is far 
more spatially variable than the hydrostatic 
and ionospheric delays. At spatial scales of 
less than about 50 km, the interferogram 
phase will track mainly lateral variation of 
the wet delay (20). Temperature-induced de- 
lay variation can be observed, for example, 
associated with fronts, and is, as such, often 
easy to identify. Under normal meteorologi- 
cal conditions, however, the magnitude of the 
temperature effect is small compared with the 
water vapor signal, because the sensitivity of 
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sensitivity to a 1-Wa change in the water 
vapor pressure. Typically, cloud droplets can 
produce a maximum delay of several milli- 
meters, whereas the influence of ice crystals 
can be neglected for the 5-cm radar wave- 
lengths used here (21). 

Three SAR interferograms obtained over 
the Netherlands (Fig. 1) show several prom- 
inent and representative features. The SAR 
data were acquired by the ERS-1 and ERS-2 
satellites, operating in a 1-day interval mode, 
ensuring sufficiently coherent images over 
land areas (20). The principal ground resolu- 
tion of 4 m by 20 m is spatially averaged to 
160 m by 160 m, reducing the delay standard 
error fkom about 3 mm (22) to below 1 min 
(6). 

The signature of a precipitating cumulo- 
nimbus cloud is shown in Fig. 2A as a local- 
ized delay difference in the SAR line of sight 
caused by the cloud and the saturated sub- 
cloud layer. Using the method described in 
(18, 23) and a simple cosine mapping func- 
tion (21), we mapped the delay differences to 
differences in zenith-integrated precipitable 
water (AIPW), the vertically integrated water 
vapor liquid equivalent. The positive sign of 
the delay indicates that the feature appeared 
in the first of the two combined SAR images. 
This inference was verified by the weather 

Fig. 1. The location of the discussed radar 
interferograms. Figure 2 is located at the small 
square in the upper Left comer of the rectangle, 
Fig. 3 is indicated by the large rectangle, and 
Fig. 4 by the big square. 
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radar reflectivity signal, expressed as rain observed in the weather radar data. Surface er radar data indicated that cloud tops were as 
rate, on the first day (Fig. 2B). During the observations and radiosonde data estimated high as 4.5 km. 
second SAR acquisition, no precipitation was that the cloud base height was 800 m; weath- The shape and magnitude of the anomaly in 

the interferogram correspond closely to the 

Fig. 2. Images of pre- 
cipitation. (A) The SAR 
interferogram (29 and 
30 August 1995,21:41 
UTC) shows slant delay 
variation, mapped to 
zenith-integrated pre- 
cipitable water differ- 
ences. The average of 
the undisturbed area 
is set to zero, yield- 
ing relative precipita- 
ble water estimates. 
(B) The weather radar 
rain rate (29 August 
1995, 21:45 UTC). The surface wind velocity was 4.1 mfs, from 350°, indicated by the wind barb. 
Temperature (in degrees Celsius), the percentage of relative humidity, and pressure (in hectopas- 
cals) are plotted beside the station. 

Fig. 3. The effect of a 
cold front. (A) SAR inter- 
ferogram of 3 and 4 Oc- 
tober 1995. 21:41 UTC. 
The boundiry of the cold 
front is visible as the line 
between the arrows. Wa- 
ter areas and areas where 
no elevation data were 
available are shown in 
white. (B) Weather radar 
image from 4 October 
1995, 21:45 UTC. The 
positions of the two 
weather radar stations 
are indicated by the yel- 
low circles. Superposed 
are the surface observa- 
tions (22:OO UTC) as in 
Fig. 2B. A half wind barb 
corresponds t o  2.5 mls 
and a full barb to  5 mls. 

Fig. 4. (A) SAR interferogram of 4 and 5 April 1996, 10:35 UTC, showing "water vapor streets," 
caused by horizontal convective rolls. Surface station observations of 4 April, 11:OO UTC, are 
superposed as in Fig. 38. (B) Radiometer (NOAA-AVHRR, channels 1, 2, and 4) color composite 
image acquired at 4 April 1996, 12:Ol UTC. 

weather radarecho. phase-variations over areas 
with no precipitation suggest that water vapor 
gradients are seen in the interferogram that are 
not observable by the weather radar. The AIPW 
signal over the cloud has a mean value of 1.3 
mm, which is reasonably close to the 0.9 mm 
value inferred from a radiosonde profile, con- 
sidering it was launched about 90 Ian away and 
4 hours before the SAR overpass. The interfero- 
metric technique can measure only relative 
changes in water vapor; nonetheless, the data 
reveal that this storm system has about 2.6 X 
10' liters more water compared with the sur- 
rounding air. For this system to reach equilib- 
rium, this excess water would have to be redis- 
tributed over a larger area or precipitate out. 
Such numerical constraints form important in- 
formation for forecasting purposes. 

A cold front, propagating from the north- 
west, is shown in Fig. 3A. The interferogram 
reveals a narrow diagonal band of enhanced 
water vapor, suggesting the presence of a 
narrow cold-frontal rain band (24). The 
weather radar data (Fig. 3B), however, show 
that only parts of the band are precipitating. 
Surface winds (Fig. 3B) indicate some con- 
vergence at the cold front. The frontal circu- 
lation may have produced a localized maxi- 
mum in magnitude or depth of water vapor at 
the convergence zone, visible as the yellow 
band in the interferogram. Studies using in 
situ aircraft and radiosonde observations sug- 
gest that regions of enhanced moisture may 
occur at low-level convergence zones (25). 
The sickle-shaped area visible at the southern 
end of IJssel Lake likely reflects an evapora- 
tively cooled surface outflow (gust front) 
generated by the rain showers. 

The postfrontal, relatively cold and humid 
air produces a delay of about 28 rnm compared 
with the prefrontal, relatively warm air. This 
increase is partly caused by an overall temper- 
ature difference of about 3°C associated with 
the two air masses. The frontal band is 3 to 5 
km wide and has an average increase in delay 
between 11 and 64 mm. With a cold-front depth 
of 3 km, this delay could be produced either by 
a 3-hPa increase in water vapor or by an unrea- 
sonably large temperature decrease (10°C) at 
the frontal boundary. Additionally, the contri- 
bution of liquid water in a cumulus cloud line 
would produce a maximum delay difference of 
less than 2 mm (26). Thus water vapor, rather 
than temperature or liquid water, is likely the 
primary mechanism causing the increased delay 
at the fiontal boundary. 

The areas with delay differences of more 
than 30 mm correspond to precipitation regions. 
The sudden increase of water vapor content in 
the subcloud layer, caused by partial evapora- 
tion of the precipitation, accounts for this in- 
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crease. The liquid cloud and rain particles can- 
not produce the enhanced delay, because the 
precipitating clouds would have to be more 
than 21 km deep to account for the maximum 
observed delay of 64 mm. The observed fea- 
tures in the interferogram illustrate how local- 
ized areas with an increased water vapor con- 
tent may give an indication for the occurrence 
and development of precipitation. 

The interferogram in Fig. 4 illustrates the 
frequently occurring phenomenon of horizon- 
tal convective rolls, a form of boundary-layer 
convection in which there are counter-rotat- 
ing horizontal vortices with axes aligned 
along the mean boundary-layer wind direc- 
tion (27; 28). Some evidence that the linear 
features of the interferogram depict rolls rath- 
er than atmosvheric waves is that the bands 
are oriented along the wind direction, as 
shown by the surface station data overlaid on 
the interferogram (Fig. 4A). Moreover, radi- 
ometer satellite imagery (Fig. 4B) to the 
south of the interferogram location shows 
some evidence of cloud streets oriented with 
the interferogram bands. Sufficient moisture 
in the presence of rolls often produces cloud 
streets atop roll updraft branches (29). Fur- 
thermore, a local radiosonde on 4 April 1996 
at 12:OO UTC indicated a boundary-layer 
depth of 800 m. This result, combined with 
the band spacing of 2 to 3 km, gives an aspect 
ratio of 2.5 to 2.9, consistent with the pres- 
ence of rolls (30). 

Roll updrafts are warmer and moister than 
roll downdraft branches (5). Moisture variabil- 
ity is likely dominant in the observed 6- to 
10-mm delay differences, because vapor pres- 
sure variations associated with rolls (3 Ma) 
would produce a delay of 13 mm, whereas 
temperature variations of 0.5"C would produce 
less than a 1-mm delay. The observations show 
how streets of water vapor can be identified 
even when cloud streets are not visible. In fact, 
no clouds were observed from the weather sta- 
tions in the interferogram area. Knowledge of 
these systematic patterns of water vapor can aid 
in forecasting weather behavior. 

Radar interferometry can provide world- 
wide coverage of mesoscale atmospheric phe- 
nomena over land and ice, and easily monitor 
more exotic features such as gravity waves 
accompanying fronts. Readily attainable inte- 
grated precipitable water amounts over large 
areas may make pinpoint weather forecasting a 
possibility. The delay maps could eventually be 
used by bench forecasters or serve as an addi- 
tional constraint in variational data assimilation 
models. Contemporary satellites, however, 
have an orbital repeat period that is far from 
ideal for operational applications (31), resulting 
in the loss of coherent phase information over 
many areas. Proper use of airborne and space- 
borne SAR systems with short repeat periods 
could lead to much greater accuracy in meteo- 
rological understanding and forecasting. 
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Tropospheric Aerosol Climate 
Forcing in Clear-Sky Satellite 

Observations over the Oceans 
J. M. Haywood,' V. Rama~wamy,~" B. J. SodenZ 

Tropospheric aerosols affect the radiative forcing of Earth's climate, but their 
variable concentrations complicate an understanding of their global influence. 
Model-based estimates of aerosol distributions helped reveal spatial patterns in- 
dicative of the presence of tropospheric aerosols in the satellite-observed clear-sky 
solar radiation budget over the world's oceans. The results show that, although 
geographical signatures due t o  both natural and anthropogenic aerosols are man- 
ifest in the satellite observations, the naturally occurring sea-salt is the leading 
aerosol contributor to  the global-mean clear-sky radiation balance over oceans. 

Tropospheric aerosols (1,2), which include sul- 
fate (3, 4), black carbon (5, 6), organic carbon 
(6), mineral dust (3, and sea-salt (8, 9), affect 
Earth's radiation budget in a significant man- 
ner. Predictions of their net radiative effect have 
proven difficult because aerosol distributions 
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vary greatly in type, space, and time. By reflect- 
ing sunlight, the present-day background tro- 
pospheric aerosols reduce the solar radiation 
absorbed by the planet (10). Likewise, an 
increase in anthropogenic aerosols leads to 
additional reflection, and this has in turn led 
to a negative radiative forcing of climate 
change over the past century (1). A central 
issue underlying potential aerosol-climate 
linkages is verification of the presence of 
aerosols and their associated radiative effects, 
both in the context of the present-day climate 
and climate change scenarios. 
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