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What	  is	  Soil	  Moisture?	  



Hydrologic	  Cycle	  

Source:	  NASA	  



Soil	  Moisture	  
•  Memory	  of	  precipita=on	  in	  land	  system,	  source	  
moisture	  for	  evapora=on,	  reservoir	  for	  plant	  
transpira=on,	  conduit	  for	  longer	  term	  reserves	  
(groundwater)	  

•  Water	  fills	  pore	  space	  of	  soil,	  but	  capacity	  and	  ease	  of	  
extrac=on/filling	  related	  to	  bulk	  density,	  texture,	  
porosity,	  tortuosity,	  etc…	  	  

•  Usually	  measured	  in	  percent	  VWC	  (Volumetric	  Water	  
Capacity)	  or	  GWC	  (Gravimetric	  Water	  Capacity),	  but	  
other	  units	  abound	  (matric	  poten=al,	  percent	  of	  field	  
capacity,	  plant	  wil=ng	  point,	  vapor	  pressure	  deficit)	  



Soil	  Moisture	  

La_ce	  Water	  
In	  physical	  structure	  
of	  grains	  

Pore	  Water	  
What	  hydrologists	  
care	  about	  



Soil	  Moisture	  
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Land-‐Atmosphere	  
Coupling	  



Land-‐Atmosphere	  Coupling	  

•  Improving	  the	  understanding	  of	  soil	  moisture	  
improves	  our	  ability	  to	  beder	  predict	  or	  
understand:	  
– weather	  and	  climate	  
– ecological	  processes	  and	  phenomenon	  
– hydrological	  flow	  processes	  in	  catchments	  
– water	  storage	  on/in	  vegeta=on	  canopies	  and	  as	  
frozen	  precipita=on	  

–  remotely	  sensed	  measurements	  of	  surface	  
wetness	  



Land-‐Atmosphere	  Coupling	  
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Figure 5. ESTAR derived soil moisture content (%) for 12 July 1997 as measured from
approximately 0800–1300 LST.

is demonstrated by Famiglietti et al. (1999) who found that, in the same
region and time period of this study and within 0.64 km2 plots, the coeffi-
cient of variation1 for in-situ measurements of soil moisture almost always
exceeded 0.1, with a mean value of approximately 0.3. This is specified in
MM5-PLACE by assuming that the coefficient of variation of soil mois-
ture remains constant until a specified maximum standard deviation is
reached (Wetzel and Chang, 1988). The constant coefficient of variation
and maximum standard deviation were determined based on ESTAR vari-
ability in the 36-km MM5 grid cells to be 0.33 and 0.10 m3 m−3 respectively
and compare to values suggested by Wetzel and Chang (1988) of about
0.60 and 0.08 m3 m−3. The ESTAR-based measures of subgrid variability
are used in Exps. PLACEOE S and PLACEOE SN (defined in Section
3.3) instead of the default of no subgrid variability in soil moisture used
in the rest of the MM5-PLACE experiments. During SGP97 Famiglietti
et al. (1999) found that the standard deviation decreases with increasing

1 Standard deviation divided by the mean.
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Figure 1. Map of Southern Great Plains 1997 study area and measurement site locations.
NDVI (grey box) and ESTAR (white box) coverage on 12 July is also noted.
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Figure 3. Image of a portion of the LASE flight track showing LASE relative aerosol back-
scatter and ABL depth (black line) over the 1130 LST tracks (a) 12 July and (b) 13 July.
Smoothed LASE ABL depth from south to north (along the centre spine of the ESTAR
domain) for late morning and midday legs on (c) 12 July and (d) 13 July.

central region was shallow and slow growing (<1000 m, <150 m h−1), while
the ABL in the north central region grew faster to reach a depth of
approximately 1400 m. The rapid ABL deepening (approximately 500 m h−1)
in the north central region occurred earlier in the northern subsection
(36.5–37◦ N) than the southern subsection (36–36.5◦ N).

Midday ABL depths on 13 July at 1130 LST were overall lower (mean
1006 m ± 141 m) especially at the southern end (Figure 3). ABL depth in
the late morning was highest in the south (1000 m) and central (900 m),
but by midday, ABL depths at the northern end matched the southern end
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central region was shallow and slow growing (<1000 m, <150 m h−1), while
the ABL in the north central region grew faster to reach a depth of
approximately 1400 m. The rapid ABL deepening (approximately 500 m h−1)
in the north central region occurred earlier in the northern subsection
(36.5–37◦ N) than the southern subsection (36–36.5◦ N).

Midday ABL depths on 13 July at 1130 LST were overall lower (mean
1006 m ± 141 m) especially at the southern end (Figure 3). ABL depth in
the late morning was highest in the south (1000 m) and central (900 m),
but by midday, ABL depths at the northern end matched the southern end

Mesoscale	  

Desai	  et	  al	  (2006);	  Reen	  et	  al	  (2006)	  
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Figure 12. Comparison of LASE observed ABL depth (dotted line) to modelled ABL depth
with variable surface forcing (black line) and to modelled ABL depth with constant surface
forcing (dashed line) on 12 July at (a) 1130 LST and (b) 1215 LST, and on 13 July at (c)
1045 LST and (d) 1130 LST. Also shown are scatter plots of relationship of observed (x-
axis) to modelled (y-axis) ABL depth with variable forcing.

model ABL depth across the whole track was 140 m larger than observed
for both the 1130 and 1215 LST tracks. Midday LASE-observed ABL
depth gradient from south to north (−2.2 m km−1) was well predicted by
the model (−2.4 m km−1).

On 13 July, modelled ABL had a steadily declining ABL growth rate
from south to north (Figure 11), in contrast to LASE observations, which
showed little late morning growth in the southern region and fastest growth
in the late morning for the northern region. Growth rates in the north-
central and south-central region were similar to LASE. After midday, the



Land-‐Atmosphere	  Coupling	  
Mesoscale/Synop=c	  



Land-‐Atmosphere	  Coupling	  
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flux partitioning 
(Beljaars et al., 1996) 



Land-‐Atmosphere	  Coupling	  
LSP Issues Relating to Soil Moisture Evolution 

Modeling of the 
observed 

influence of 
soil moisture 

on evaporation 
in GCMs 

can be poor 

Teuling et al (2006) and others observed decay time of evaporation as 
soil moisture fell during drying periods at selected sites, and compared 

these with modeled decay for the models used in GCMs 
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Land-‐Atmosphere	  Coupling	  
Climate	  



Observing	  Moisture	  



Observing	  Soil	  Moisture	  

•  Soil	  coring:	  Remove	  soil	  of	  known	  volume,	  
measure	  mass	  before	  and	  aker	  drying	  in	  oven	  



Observing	  Soil	  Moisture	  

•  Time-‐domain	  reflectometry	  (TDR)	  
–  Send	  electromagne=c	  pulse	  through	  
waveguide,	  measure	  travel	  =me	  =	  f(signal	  
velocity	  and	  waveguide	  length)	  

– Use	  velocity	  and	  length	  to	  determine	  
permi_vity	  (dielectric	  constant)	  of	  porous	  
media,	  related	  to	  soil	  bulk	  density	  and	  
moisture	  

–  Example:	  Campbell	  Scien=fic	  reflectometer	  
(lek).	  Picosecond	  voltage	  gain	  and	  =me	  
converted	  to	  MHz	  oscilla=on	  frequency	  



Observing	  Soil	  Moisture	  
•  By	  Satellite	  

–  Passive:	  Microwave	  (L-‐band	  or	  
Microwave)	  

–  Ac=ve:	  Synthe=c	  aperture	  radar	  
(SAR)	  

•  Example:	  NASA	  SMAP	  
(smap.jpl.nasa.gov)	  
–  Polar	  orbit,	  L-‐band	  SAR	  (1.26	  
GHz)	  +	  passive	  L-‐band	  (1.41	  GHZ)	  	  

–  Resolu=on:	  10	  km	  soil	  moisture,	  
3	  km	  freeze/thaw	  

–  Swath:	  1000	  km	  ,	  3	  day	  repeat	  
–  Launch	  expected	  in	  2014	  
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Observing	  Soil	  Moisture	  
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Observing	  Soil	  Moisture	  



IN SPACE: there are incoming high-
energy cosmic-ray protons 

Their intensity changes slowly with time, 
and with geomagnetic latitude, (because 
they interact with the Earth’s magnetic 
field). These both have to be corrected 

for in COSMOS 

IN THE ATMOSPHERE: cascades of 
secondary cosmic rays are generated  

The intensity of these cascades depends 
on barometric pressure. This has to be 

corrected for in COSMOS 

IN THE SOIL: the fast neutrons are 
scattered (“thermalized”) and absorbed 

BUT some escape back into the air 
above the ground, depending on the 

composition of the soil (thermal), 

especially on its water content (fast 
neutrons) 

(strictly hydrogen content) 

Cosmic-‐rays	  &	  Soil	  Moisture	  
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Secondary cosmic-ray particles 
produced in copper plates in a large 
cloud chamber. [D. Skobeltzyn, 1927] 
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Observing	  Soil	  Moisture	  

•  Neutron	  detec=on	  has	  been	  around	  since	  the	  
1950s	  
– Surface	  moisture	  altera=on	  of	  neutron	  rate	  was	  
considered	  a	  nuisance	  at	  the	  =me	  (Hendrick	  and	  
Edge,	  1966)	  

•  Inexpensive	  off-‐the-‐shelf	  3He	  gas	  propor=onal	  
neutron	  counters	  for	  fast	  and	  thermal	  
neutrons	  and	  remote	  power/data	  logging/
communica=ons	  are	  now	  available	  	  



Monte-Carlo Simulation of Neutron Density 

Monte-Carlo Simulation of Neutron Density 

In moister soil, 
less neutrons escape 

In drier soil, 
more neutrons escape 

COSMOS	  probes	  detect	  
neutrons	  at	  two	  energies,	  but	  	  
use	  “fast”	  neutrons	  for	  soil	  
moisture	  detec=on	  because	  

calibra=on	  is	  less	  sensi=ve	  to	  the	  
chemistry	  of	  the	  soil	  

(thermal	  neutrons	  give	  
informa=on	  on	  above-‐ground	  

water,	  e.g.	  snow	  cover)	  
Thermal Neutron 

Detector 

Fast Neutron 
Detector 

Going	  from	  Neutron	  Count	  Rate	  to	  Soil	  Moisture	  

Zreda	  et	  al.	  (2008)	  
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Use a Monte-Carlo simulation of the random path of neutrons (including their 
collisions in the moist soil and air above) and count the proportion passing 
through the detector from each source position. 

Measurement	  Volume	  

86% of neutrons from within a depth of 
70 cm (dry) 
Depth decreases to 12 cm in wet soils 
Independent of altitude (and pressure) 
 

86% of neutrons from within 350 m radius 

Independent of soil moisture 

Increases with increasing altitude 
(decreasing pressure) 

Zreda	  et	  al.	  (2008)	   Zreda	  et	  al.	  (2008)	  
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A	  Universal	  Calibra=on	  Func=on	  But…	  
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A	  Working	  Universal	  Calibra=on	  Func=on	  

 	  S=ll	  need	  local	  es=mates	  of	  bulk	  density	  and	  la_ce	  water	  

 	  Bulk	  density	  not	  very	  sensi=ve	  in	  expected	  range	  of	  1.4	  g/cm3	  with	  
s.d	  of	  0.1-‐0.2	  g/cm3	  (except	  rare	  volcanic	  soils	  0.7	  g/cm3)	  

 	  Maps	  and	  data	  readily	  available	  

 	  La_ce	  water	  requires	  full	  chemistry	  analysis	  (~$200	  per	  sample)	  

 	  Not	  sure	  of	  spa=al	  varia=on	  (more	  samples	  being	  analyzed)	  

 	  Surprisingly	  lidle	  data	  on	  full	  soil	  chemistry	  analysis	  (typically	  macro	  
or	  micro	  nutrients	  not	  both,	  saves	  $)	  	  	  

 	  Working	  solu=on,	  local	  soil	  chemistry	  or	  two	  VWC	  calibra=ons	  at	  
different	  mean	  VWC	  to	  back	  calculate	  la_ce	  water	  

29 
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Soil	  Moisture	  Measurements	  
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Ini=al	  Results	  

hdp://www.youtube.com/watch?v=yL_-‐1d9OSdk	  



Source:	  NASA,	  LANL	  (Mars	  Odyssey)	  
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Ini=al	  Results	  

35 



Ini=al	  Results:	  WLEF	  



Ini=al	  Results:	  WLEF	  

hdp://cosmos.hwr.arizona.edu/Probes/probemap.php	  	  



Ini=al	  Results:	  WLEF	  
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Ini=al	  Results:	  Manitou	  Forest	  (CO)	  

Manitou Forest 
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Future	  Plans	  



COSMOS	  Science	  Priori=es	  
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hdp://cosmos.hwr.arizona.edu/	  	  



Summary	  
 New	  na=onal	  soil	  moisture	  observatory	  network	  at	  
novel	  spa=al	  scales	  

 	  Instrument	  is	  easy	  to	  setup	  and	  calibrate	  with	  a	  
lifespan	  of	  500+	  yrs	  

 	  Monotonic	  rela=onship	  between	  uniformly	  distributed	  
soil	  moisture	  and	  fast	  neutrons	  

 	  Novel	  hydrological	  datasets	  for	  model	  
parameteriza=on	  and	  valida=on	  are	  theore=cally	  
possible	  with	  cosmos	  sensor	  	  	  



43 

More	  Data	  Possibli=es	  with	  COSMOS	  Sensor	  

 	  Time	  series	  of	  average	  depth	  of	  ponded	  water	  on	  the	  surface	  
(=me	  resolu=on	  dependent	  on	  probe	  gas	  volume)	  

 	  Effects	  infiltra=on	  and	  runoff	  produc=on,	  top	  boundary	  
condi=on	  for	  Richard’s	  Equa=on	  

 	  Quan=fy	  hillslope	  scale	  runoff	  in	  infiltra=on	  excess	  systems	  	  



Theore=cally	  Possible	  with	  COSMOS	  Sensor	  

 	  Sensor	  does	  not	  “see”	  over	  steep	  eleva=on	  changes,	  fast	  and	  
thermal	  neutrons	  are	  created	  in	  the	  soil	  and	  bounce	  around	  and	  
may	  get	  reabsorbed	  in	  soil	  before	  hi_ng	  sensor	  

 	  Possible	  to	  map	  soil	  moisture	  in	  drainage	  basin	  only	  following	  
contours	  with	  rover	  
	  
 	  Repeated	  surveys	  in	  basin	  before	  and	  aker	  rain	  events	  would	  
give	  you	  spa=otemporal	  look	  at	  changes	  in	  moisture	  at	  a	  novel	  
scale	  



Deployments	  
AMERIFLUX Sites where COSMOS 

might be deployed this year 



And	  Beyond!	  



Thanks!	  


