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Penetration Depth as a DINSAR Observable and
Proxy for Soil Moisture

Matt Nolan and Dennis R. Fatland

Abstract—We use prior theory and experimental results to
construct a quantitative relationship between soil moisture and the
penetration depth of synthetic aperture radar (SAR) microwaves
atL-, C-, and X-bands. This relationship is nonlinear and indicates
that a change of 5% volumetric water content (VWC) can cause
between 1 and 50 mm of change in C-band penetration depth
depending on initial VWC. Because these depths are within the
range of differential interferogram SAR (DINSAR) measurement
capability, penetration depth may be a viable proxy for measuring | =
soil moisture. DINSAR is unlikely to detect a measurable change h‘;
in penetration depth above 30% VWC, though certain clay rich |+
soils may continue to cause surface deformation above that level.

The possibility of using clay swelling as a proxy for soil moisture :
was found to be less feasible than penetration depth. Soil moisture |~ = 3

may also be a significant, and previously unrecognized, source F’{ Y e
of noise in the measurement of subtle deformation signals or the i
creation of digital elevation models using repeat-pass DINSAR. : ke

Index Terms—Agriculture, attenuation, remote sensing, syn-
thetic aperture radar, terrain mapping, water.

|. BACKGROUND %

HE POSSIBILITY for using differential interferometric ﬂ
synthetic aperture radar (DINSAR) to measure spatial vari-

; ; ; ; ; : ; idrig. 1. First published differential interferogram (reproduced with permission
ations in soil moisture was “kely first recanlzed by Gabri Gabrielet al.[1]). Using L-band Seasat data, Gabeehl.created the first

. 10
et al.[1] in the late 1980s. These researchers used the L'B%Tfa]lished differential interferogram (DIG), covering farm fields in California.
Seasat to produce the first published differential interferogramiseir results and subsequent field validation clearly indicated that a phase signal
(DIGS), using farmland in California as their study area. Theiglated to soil moisture exists and is detectable. Colors from blue to red to green

. . .. . . jndicate decreases to increases in path length (2—3 cm total) respectively; yellow
resylts (F'g- 1) show spatlal variations in phase.over an elght'dﬁéﬂcates little to no change; and black indicates decorrelation.
period that correspond exactly to the boundaries of farm fields.
In such flat areas, these variations in phase cannot be accounted

for by atmospheric phase delays or topographic noise. Gabggf€!lite data being acquired before the DINSAR study began.
et al. confirmed that the source for these variations in phas$Veral DINSAR studies using European Remote Sensing (ERS)

was indeed related to surface variations in soil moisture by I%r_Radarsat data have also noted phase variations related to farm

viewing irrigation records from 52 of the farms within the scen elds, and have likewise attributed it to clay swelling without

and finding that in nearly every case a decrease in phase wa Ygther vall_datlon (51171, t_hOFlgh the soil mqlsture signal in
lated to an increase in soil moisture. these studies was treated incidentally to studies of surface sub-

Gabrielet al. [1] hypothesized that an increase in soil mois§id_ence due to earthquakes or well pumping._Therefore, while a
ture caused the soil surface to rise, due to swelling of Clays§ﬂ'I moisture phase signal has been conclusively demonstrated,

the soil. While this soil behavior is fairly well described in th¢'€ c@usal mechanism remains an open question.

literature [2][4], not all clays swell, and Gabried al. [1] did It!sremarkablethatdespltethe c_onS|derabIe deman_dfor_asyn-
not validate their hypothesis with clay mineralogy surveys ind'ihe'[IC ap_ert_ure radar (S_AR) technique to measure 30|I_m0|sture
cating that the soils were expansive. Unfortunately surface gd the initial outstanding success of DInSAR to provide such

evation measurements were also not conducted, likely dueMgasurements, that there has not since been a single pgbhshed
DInSAR study, to our knowledge, dedicated to the detection of
_ _ _ _ _ spatial variations in soil moisture [8], especially considering that
Manuscript received April 29, 2002; revised October 17, 2002. This woiks \igpe alternative has been demonstrated using the satellites
was supported by Northrop Grumman Mission Systems and the Arctic Regians . . . .
Supercomputing Center at the University of Alaska Fairbanks. In operation to date [9]. In this paper, we provide the theoretical
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D. R. Fatland is with the Vexcel Corporation, Boulder, CO 80301 USK}.atlgn :jepth even Iqu1 soils with n.ohday.contlem an.d Wlt(l; a m?jg
(e-mail: fatland@vexcel.com). nitude large enough to act as either signal or noise, depending
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depth as signal using DINSAR examples and field validation [ 1! 500
and show that the vertical accuracy of digital elevation mod )
(DEM) used to create the synthetic interferogram is the key
successfully making such subtle measurements [11]. 100
[I. RELATIONSHIP BETWEEN SOIL MOISTURE AND S0
PENETRATION DEPTH

h (mm)

While it has been well documented that clay swelling cag
change surface elevation as a function of soil moisture, in tt &
section we present prior theory and lab measurements that 5}---
dicate that microwave penetration depth should also vary wi
soil moisture in a quantifiable way, regardless of clay conter
Here we define soil moisture as the volumetric water conte
(VWC, expressed as fraction or percent), which is more direct
applicable to SAR studies than gravimetric water content [1.
and discuss changes in phase more conveniently in units of p
length, as the two are linearly related via the wavelength.

That the dielectric property of soils (nhamely the permittivityFig. 2. Penetration depth of SAR microwaves as a function of soil moisture
controls the penetration depth of microwaves has been well &~ C-, and X-bands. The subscript T indicates penetration depths when

. . . _transmission losses at 0.1-mm increments have been assumed,; the other curves
tablished [13]-{17]. Here we follow [14] and define penetratiofgicate attenuation losses only. The soil moisture is assumed uniform with
depth as “the distance in the medium over which the intensiypth.
of propagating radiation decreases (owing to attenuation) by the

exponential factore! (i.e., by about 63%).” However, becaus ernand n 1- and K is the imaginary part of the attenua-
of the large contrast between the permittivities of dry soil a gy ' : imaginary p Y

water, and because the amount of water in the soil is variabje," cpefficient in layer n. Equations for T and k are complicatgd
soil moisture largely controls the permittivity of the soil and thu lihctions of geometry based on Snell's law and the consideration

penetration depth as well. Several studies have developed f the complex transmission medium is equivalent to a “real

pirical relationships between soil moisture and permittivity [12 edmr_n haV'F‘g a lreal equivalent refra_ct|on de).(’ V.V'th the full
[16], [18], [19]. Here we select the 5-GHz equations from [1 erivations given in [22]. These equations are similar to those
Tabie 1] ;:13 an. example Used in seismic reflection analyses. Penetration depth using (4)

is determined by finding the layer n in which /P, equals €.
€ =2.46 + (13.07 + 0.14S — 0.44C)w We combined these equations in a computer program to de-
+ (132.11 + 0.38S + C)w? velop a relationship between volumetric water content and pen-
etration depth, for both the uniform and nonuniform moisture

. 0 5 10 15 20 25 30 40
Volumetric water content (%)

+(—103.86 — 1.16S - 0.49C)w” @ profile cases. The soil permittivity portion of the code was val-
€ =0.12 + (4.7 + 0.006 46S — 0.002 356C)w idated against figures in [12] and [19], and the two penetration
+ (30.65 — 0.61S + 1.12C)w? depth portions (uniform and nonuniform soil properties) were
+(—34.29 + 1.36S — 1.15C)w? () Validated both against figures in the original paper [22] and

against each other for the uniform case. Transmission losses can
where éand ¢ are the real and imaginary components of thige specified at either the interfaces where soil moisture changes
permittivity; S and C are the sand and clay fraction of soil bat depth or at some fixed thickness increment. The latter, there-
weight; and w is volumetric water content in cubic meters péore, might represent a more conservative approach, assuming
cubic meter. Note that these equations are valid only up tateat pore space itself is causing transmission loss, but this re-
VWC of 50%. mains to be verified experimentally. This program (coded in

A convenient expression for penetration depth as a functitvatlab) is available from the authors upon request.

of permittivity (using the small angle approximation) is [20] We used this program to demonstrate that the relationship

AW between soil moisture and penetration depth is nonlinear and
bp = _e” (3) varies considerably with SAR wavelength (Fig. 2). As the
2me amount of water in the soil increases from near zero, the imagi-

whered, is penetration depth, andis wavelength, both in mil- nary part of the dielectric constant increases dramatically [13],
limeters. This equation assumes uniform properties with depéfscreasing the penetration depth rapidly. As the soil moisture
The case of layered media having transmission losses is meggeeds about 10%, however, further increases have a reduced
complicated [21], [22]. Here we reproduce (13) from [22] (modaffect on penetration depth. Here we chose three common SAR
ified as suggested by [21]) for the nonuniform case frequencies for illustration purposes (L-, C-, and X-bands at
ok (2 1.4, 5, and 10 GHz, respectively), quantitatively showing, for
Po =P, HTi—l;ie i my ) example, that L-band has significantly deeper penetration all
Ln else being equal. When transmission losses are present, as
where R and R, are the power of the incident wave initially andwould typically be the case, penetration depth is decreased
atlayer n, respectively; T is the transmission coefficient betwe@ther. Actual transmission losses cannot be calculated without
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Fig. 3. Change in penetration with time using modeled rain and evaporatic
Lines indicate penetration depth for three frequencies and bars indicate $9§. 4. Penetration depth as function of time assuming nonuniform soil
moisture. A rainfall on Day 2 abruptly decreases penetration depth to neasisture levels. Black lines correspond to the soil moisture profile on the day
zero, while the subsequent drying yields a gradual increase. Soil properties itficated at top of graph. Labels on these moisture profiles (e.g., “C”) indicate
moisture are assumed uniform with depth. the modeled penetration depth for either L-, C-, or X-bands on that day; “L”

is not shown when it exceeds 25 mm and on Day 2 all three bands are at zero

penetration depth. Soil moisture here varies with depth but has the same average
knowledge of the soil structure and scatterer positions; we us@tiies (over the upper 2 cm) as in Fig. 3 with a rainfall on Day 2. Penetration

scatterers on 0.1-mm layers and note that the layer thicknesgqﬂth is more sensitive to the upper soil moisture values than the lower.

the range of 0.01-1 mm has relatively minor influence on the

curvesinFig. 2. We chose 0.1 mm, as itis the maximum possilJeribed. As might be expected, penetration depth is most sen-
DInSAR instrument resolution for ERS-2 and Radarsat-1 [11ditive to the soil moisture of the uppermost layers. If the upper
and chose the crossing point of 0.5 mm somewhat arbitrarily i@ger is drier than the average, penetration depth will increase,
the shallowest penetration depth of interest. This figure is basged if wetter it will decrease, compared to the uniform case.
onasoil with 51% sand and 13% clay (following [12]); the affecBecause most soil moisture profiles vary with depth, this sensi-
of soil type on permittivity is relatively minor for the purposesivity to near-surface conditions needs to be taken into account,
of our paper and is not considered further here. Thus, actgabbably through modeling, should penetration depth changes
penetration depths will likely lie between the two curves showse used for soil moisture measurement; note that this constraint
for each frequency in Fig. 2 for spatially uniform soils with veris also imposed on backscatter studies.

tically uniform soil moisture, and soil moistures over about 30%

VWC may not produce a measurable change in penetration depth lIl. PENETRATION DEPTH AS SIGNAL

when transmission losses are encountered (though clay swellin ] ) )

signal). Note also that when transmission losses are encounte¥&@€s with soil moisture, though none indicated the potential of
the differences between frequencies become reduced. penetration depth as an observable and useful signalefatr

To demonstrate how penetration depth would vary in practiég3] installed receivers in the Nevada desert during the Shuttle
if measured daily, we calculated penetration depth for a hyp#?2ging Radar B mission to measure attenuation within desert
thetical one-week time-series of soil moisture variation with $ils- They found that measured attenuations as a function of soil
rain event on Day 2. The results are shown in Fig. 3. The rainfdioisture closely matched theoretical curves, similar to those
causes penetration depth to drop abruptly to zero for all waw¥esented here, with L-band penetration depths up to 85 cm in
lengths on the day of the event. Unlike the rainfall event, théry dry soil. Farret al. point out that the index of refraction
subsequent drying signal decreases gradually by only sevéia@nges with permittivity, an effectnotaccounted forin Figs. 2-5
millimeters per day. Similar to soil drying due to evaporatiorf our paper. Using a ground-based radiometer-scatterometer in
a redistribution of soil moisture due to a gradual flow of watehe field, Wegmuller [24] measured diurnal cycles freeze-thaw
downhill through the soil pore space would also likely have #at corresponded with the predicted effects of changing liquid
gradual effect on penetration. content on permittivity. For example, at 4.6 GHz, measured

The previous analysis described the case of soil moisture teheinges in backscatter were observed to correspond to calcu-
is constant with depth, but this case is rarely observed in tlaed penetration depths of 0.7 cm at 38% VWC to 3.8 cm at 5%
field. Soil moisture typically varies with depth, and this variaVWC. These studies verify that radar penetration depth varies
tion has a noticeable effect on penetration depth. Fig. 4 repeagsa function of soil moisture. The accuracy and resolution of
the simulation of Fig. 3, this time using a nonuniform soil moishese proxy measurements remains to be determined, however,
ture distribution that has the same average values (over uppemn@l the fact that these results vary slightly from ours may also
cm) as in Fig. 3. In this case, we have a used a two-layer modbel evidence that new relationships between soil moisture and
for presentation clarity, but any number of layers could be prpermittivity need to be measured in the lab using local soils (that
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perhaps have higher ionic content than used in [12]) orithatthe point where coherence is lost, though there is some evidence

situmeasurements of the relationship between penetration defbitit minor alterations or hystereses can persist, perhaps through

and soil moisture may be required. Such empirical relationshiggndrop detachment of surface soils [27]. Although not clear

would also simplify the DIG inversion process. at this stage of our research, it may be that soil moisture’s main
Converting DINSAR signals to soil moisture values is not ne€ffect is not changing the location of soil scattering centers

essarily straightforward. Because of the nonlinear relationsHigt Simply acting as a refractive delay, similar to atmospheric

between soil moisture and penetration depth, a measuremerfligtortions [28].

a change in penetration depth from a single DIG cannot be con-

verted directly to a change in soil moisture unless one of the soil IV. CLAY SWELLING AS SIGNAL

moisture values is knowapriori or if some linearizing a8ssump-  Ths paper has concentrated on the relationship between soil
tions can be made. For example, a measured displacement\gfsire and penetration depth because it has largely gone
5 mm could ambiguously mean a change in soil moisture frofihrecognized previously, but it is also likely that DINSAR
1% to 2% or from 10% to 17% (Fig. 2). However, if the initialneasurement of some clay rich soils will detect a soil moisture
soil moisture value is known, and assuming that a phase chaggghal related to the swelling of clay rich soils. However,
is fU"y attributable to a Change in penetration, the initial Va'UgNe”ing occurs only under certain conditions and is likely
can be converted to a penetration depth using the equations pigither as endemic a signal as penetration depth nor as easy to
sented previously and subtracted from the DINSAR measu(gse as a proxy for soil moisture.
ment to arrive at the penetration depth on the second date. Thiglay swelling is a chemical reaction modeled by atomic-scale
penetration depth can then be inverted numerically assumiiagce balances and is a complicated function of clay miner-
uniform conditions with depth; the nonuniform solution is nodlogy, surface charge density of the particles, the concentration
unique, and assumptions must therefore be made regardingdheounter-ions in the pore-water, the valence of the counter-
moisture profile before solving for it. For C-band in soils withions, and the pH of the soil-water mixture [3], [4], [29]. The
typical VWC > 10%, the uniform soil moisture assumptionclassical approach, DLVO theory [4], [29], is based on the op-
may be reasonable as penetration depths would remain less thesing forces of van der Waals (attraction) and electrical double-
10 mm. Use of the longer wavelength L-band might necessitd@yer (repulsion). The double-layer results from the colloid sur-
the use of the nonuniform solution because of deeper penef@ge attracting counter-ions of opposite charge and repulsing
tion, and thus likely some hydrological modeling to assist witbo-ions of the same charge, both of which can migrate through
estimating profiles, such as has been done with passive [25] 4h€l pore-water. As these double-layers overlap in soils, repul-
active [26] microwave backscatter. sive forces increase. If either the concentration or valency of the
In a companion paper [10], we describe a time-series of eid}qunter-lons is rgdugeq, repulsion also increases. For our inter-
DIGs over a ten-month period in a rural area of Colorado. WStS: concentration is likely to vary temporally more than va-

made the uniform soil moisture assumption and converted dGPCY; thus @ soil moisture signal should exist. Modeling these
time domain reflectometry data (a measure of permittivit)} yers beyond the simplest of analytical cases has largely failed

directly with DInSAR displacements and found nonrando 9]. Van der Waals forces, though typically considered small,

correlations with some probes at 97%, though most were mdgﬁgely balance Fhese repu!sive forces because the.force Is addi-
i ve between adjacent particles and decay less rapid when very

) X L t
lower, a_nd reasonable doubt exists rggardlng the val|d|ty ofthq rge numbers of atom pairs are involved, as is the case of clays
correlations because 1) clay swelling may be affecting bg VO modeling has met with some suécess in limited cases
measurements and 2) the subpixel natural variability of the fi but largely the problem is simply too complex to model

measurements was high enough such that good correlati it?] sufficient accuracy [29]. What is clear is that some clays

were possible with some probe; but not others. However,'t mely, montmorillonite) are far more predisposed to swelling
spatial patterns of phase change in these DIGs show clear visMal, other as are some ions (e.g., sodium)

correlations with hydrological features such as stream channelsge, a4 giagnostics are available to assess the likelihood that
drainages, and watershed boundaries, inamanner that SU99estS & can swell appreciably [30]. These include determining
soil moisture source. Similar to Fig. 1, farm fields in these DIGg,¢ clay mineralogy and fraction, as well as ion type and con-
showed phase change, and clay fractions measured in these $@ilgration. The U.S. Department of Agriculture (USDA) uses
was only several percent. The key processing constraint that exchangeable sodium percentage (ESP) as a simple metric,
allows for this signal to be observed is the vertical accuracy ghq suggests that montmorillonitic soils with ESP values greater
the DEM used to reduce topographic noise [11]. We found thifan 15% are most susceptible. These ESP values are associated
a DEM with a 2-m vertical accuracy was sufficient to reducgjith a saturated paste pH of 8.2 for sodic soils.
topographic noise such that signals on the order of 1 mm couldrhe likelihood is low that clay swelling can be used as a
be observed. There is also some evidence to suggest that it isqigntitative proxy for soil moisture, at least not without sub-
slope accuracy of the DEM that is most important, since succegantial additional research, and not just due to the difficulties
in phase unwrapping is largely controlled by the spatial gradienith modeling. Because clay content varies spatially and verti-
in phase. The DEM we used had an instrument noise level@lly in many soils, predicting the effects is difficult and likely
about 30 cm, in which case 0.5-mm signal resolution should haust be derived at each field site. Lab measurements of the phe-
possible, as was observed [10]. nomena have largely been restricted to engineering studies; thus,
These DIGs and the associated field data also demonstraiationships have been most concerned with the pressures gen-
that rainfall does not permanently alter the scattering centersai@ted by swelling as relates to the unloading of soils due to
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excavation or the loading of soils due to building constructiol 100
Unfortunately, these measurements of confined swelling pre
sures as a function of moisture cannot be converted to surf:
elevation changes. Even GPS measurement is exacerbate:
the fact that the soil layers responsible for the swelling may |
substantially deeper than the typical C-band microwave per'’g
tration depth (i.e.,>»20 mm), and without extreme caution, theg
anchoring system used for the antenna itself may well charlﬁ 1 E=\A
soil conditions beneath the antenna enough to invalidate the ns . ~
limeter-scale measurements. For DINSAR purposes, the phly ~ S
shifts that would likely result from the cracking and subseque ~— ~
\‘

10 N\

~—

—

/
/
:

5% |

sealing of clay rich soils are likely larger and easier to me. 0.1 5= e ~

—— p—
sure than the swelling phenomena itself. We also found that sc S — ~< ]
maps from the USDA Soil Conservation Service at our resear ~ ]
site in [10] were not concerned with spatial variations in th I ~—_

upper few centimeters of soil, which may be thin windblow! 0 5 10 15 20 25 30 35 40 45
deposits; thus, their use over large heterogeneous regions n Initial volumetric water content (%)

be qualified by ad(.jltlonal field work. Fig. 5. DEM error as a function of temporal change in soil moisture. Thick
Enough data exists, however, to develop an order-of-magRisdium and thin lines represent the error in elevation that a change of 20%, 10%,

tude DInSAR relationship. Expansive soils have been knownauad 5% volumetric water content, respectively, would cause for each of three

swell by 30% of volume [31], and for a typical clay-rich SO"perpendicular baseline because the empirical relations describing permittivity
! . are valid only up to 50% VWC.

we can reasonably assume that a maximum surface elevation

change of 30 mm might occur for a soil moisture change in the

range of 10% to 40% [2], such that 1 mm of path length change V. SOIL MOISTURE ASNOISE

would indicate a 1% change in volumetric soil moisture. Even sojl moisture largely remains unrecognized as a source

cases of extreme surface motion (up to 0.15 m has been mggerror in both subtle measurements of deformation and the
sured [2]) do not change the general conclusion that a chargeation of DEMs. While soil moisture variations have long
in soil moisture will cause a change in penetration depth on theen associated as a source of temporal decorrelation similar
same order as a change in surface elevation—i.e., on the ondevegetation growth, it has rarely, if ever, been considered a
of a millimeter per 1%, above 10% VWC. Further, the penetrgource of quantitative error in DINSAR in manner similar to
tion depth effect should operate in all soil types, not just thos¢émospheric phase delays [8], [32]. Fig. 2, however, shows that
rich in clay, and this effect is likely larger than swelling in drywe can expect changes in path length of up to 60 mm using
soils or when using L-band. C-band, an error that rivals atmospheric phase delays [28]. For
Several possibilities exist for distinguishing the two effectexample, recent DINSAR work showing subtle deformation of
(penetration depth and clay swelling). Perhaps the mdBe Yellowstone caldera [33] left unexplained variations between
straightforward would be the direct measurement of surfaBdNSAR and field surveying that could neither be accounted
elevation using differential GPS (if a suitable anchoring systef@r by “standard” DINSAR errors (such as atmospheric phase
were used) and penetration depth using methods similar to [£§jays) nor surveying error. The magnitude of this discrepancy
or [24]. Use of the multiple frequencies should yield the san¥@ied along hillslopes associated with the caldera (ranging from
phase change if due to surface elevation change but differ@nt-> MM) and was presentin some comparisons but not others.
phase change if due to penetration depth (Fig. 3). Coheren&mporal and spatial variations in soil moisture of less than 10%

maps may also differ based on mechanism, as coherence mi WC could explai.n the full range of discrepancy, and might be
be better preserved if due to the simple uplift of scatteri pected along hillslopes. In another example, Hanese.

centers in clay swelling. However, if the swelling occurre 8] measured atmospherlg phase delays as signal. By using the
wo-pass method and limiting measurements to one-day repeat

T e e o sy . hy deciared hol ne s signa an be et
. ' ' iquely as the superposition of the atmospheric delay signal
likely decreage temporal coherence. uring the two acquisitions.” Accounting for the changes in soil

. The aanyS|s and examples pr.esented. here demonstrgte t:%ﬁ%ﬁsture that likely occurred during some of their measurements
irrespective of clay content and its reaction to a change in s@jt 14 probably not alter their general conclusions, but this
moisture, a decrease in soil moisture will cause a well-behavigdher is a recent example typical of the literature of a failure to
increase in penetration depth of a magnitude that is measurglésgnize soil moisture as a potential source of error, whether
with DINSAR. As particular clay-rich soils dry, they will con-gye to the penetration depth or clay swelling mechanisms.
tract, lower the surface, and also increase the path length. Theresimilarly, the only source of quantitative error (i.e., phase de-
fore, decreasing soil moisture has the same qualitative effect|ggs that do not cause significant loss of coherence) that is typi-
clay action and penetration depth—in both cases microwave pagly considered in the construction of DEMs from repeat-pass
length would increase. With further research on signal SourgeSAR is atmospheric (or ionospheric) phase delays [8], [32].
mechanisms (penetration depth or clay swelling), a methodRig. 5 uses (1)—(3) to demonstrate the effects that temporal vari-
remotely determine clay content of soils may also be possiblations in soil moisture might have on such DEMs. Here, C-band
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DEM error is plotted as a function of initial soil moisture, with [20]
the curves representing changes of 5%, 10%, and 20% VWC
for perpendicular baselines of 50, 250, and 1000 m. For exs
ample, given a 250-m baseline and an initial soil moisture o
5%, a change of 5% (i.e., final value 10% VWC) would lead to
2 m of error, and 10% and 20% changes would lead to 3 an
3.5 m, respectively. The error is increased at lower baselines, as
expected. Because spatial variations in soil moisture are Iikel?/
smoothly varying, the errors they would cause will be difficult (23]
to distinguish from natural terrain because they would appear
as smooth hillslopes. Because soil moisture phase is zero mean
over long time intervals, averaging several repeat-pass DEM34]
together may reduce this noise, as it does for atmospheric pha@g]
delays.
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