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Year four of our research plan has focused on synthesis of previous results, including 
submission of the central research paper presenting the climatology of evaporative 
sources of precipitation estimated from MERRA, and its variations for cases of extremes 
(droughts and floods.  The core collaborative work with Bosilovich et al. (GSFC) with 
the GEOS5 GCM still has yet to be completed, and a no-cost extension for the project 
will be requested.  Results from this research has been presented at multiple venues as 
published, as indicated at the end of the report. 
 
Comparing evaporative sources of terrestrial precipitation and their extremes in 
MERRA using relative entropy 
Dirmeyer et al. (2014) present a global synthesis of results using the Quasi-Isentropic 
Back Trajectory (QIBT) 
method of estimating the 
evaporative source regions 
for precipitation, using 
MERRA as the source of 
meteorological input data.  
We also performed esti-
mates using the MERRA-
Land product of Reichle et 
al. (2012), which corrects 
for MERRA precipitation 
biases and canopy intercep-
tion biases in the land sur-
face model.  Figure 1 shows 
the global difference in un-
corrected minus corrected 
evaporative sources. The 
impact of positive precipita-
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tion biases over much of the Northern Hemisphere, and the excessive canopy evapora-
tion, is evident in the excessive blue coloration, peaking during JJA.  Negative biases are 
evident across much of the Southern Hemisphere. 

Figure 2 shows the annual total evapora-
tive source for precipitation over four re-
gions of the conterminous United States.  
This gives a clear picture of the regional 
variations in the source of evaporated 
moisture that ultimately supply rain and 
snow over different parts of the country.  
Figure 3 shows estimates of the fraction of 
precipitation at each terrestrial point that 
originated as evaporation from land, as 
opposed to ocean. 
Relative entropy (also known by other 
names, e.g., Kullback–Leibler divergence) 
is an objective quantification of the simi-
larity between two PDFs.  It is frequently 
applied to one-dimensional probability 
distributions, but the mathematics are 
valid at higher dimensionalities as well.  
We apply this method to the two-
dimensional patterns of evaporative source 
distributions to determine whether their 
normalized PDFs are significantly differ-
ent from their climatological patterns dur-
ing situations of drought or flood.  If the 

Figure	
  2.	
  Annual	
  mean	
  evaporative	
  source	
  for	
  
precipitation	
  over	
  the	
  outlined	
  states,	
  expressed	
  
as	
  the	
  fraction	
  originating	
  from	
  each	
  MERRA	
  grid	
  
box	
  (normalized	
  so	
  the	
  global	
  sum	
  for	
  each	
  equals	
  
1).	
  	
  The	
  contours	
  represent	
  50	
  and	
  100	
  PPM,	
  
shading	
  is	
  greater	
  than	
  200	
  and	
  300	
  PPM.	
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  total	
  precipitation	
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nating	
  as	
  evaporation	
  from	
  land.	
  



	
   3	
  

PDF for extreme precipitation is statistically similar to climatology (relative entropy is 
low), we may conclude that the general circulation and remote conditions are not the 
driving factor behind precipitation extremes.  Previous reports have shown the results of 
those calculations.   

	
  
The contribution of irrigation water to precipitation 
Irrigation	
  is	
  an	
  important	
  human	
  activity	
  over	
  the	
  earth	
  surface	
  that	
  has	
  strong	
  local	
  
and	
   regional	
   impacts	
   and	
   has	
   received	
   increasing	
   attention	
   in	
   climate	
   research.	
  
There	
   is	
  no	
  explicit	
   irrigation	
   in	
  MERRA.	
  We	
  used	
  data	
  of	
   irrigation-­‐caused	
  ET	
   in-­‐
crease	
  from	
  a	
  hydrological	
  model	
  that	
  has	
  sophisticated	
  considerations	
  on	
  irrigation	
  
and	
  other	
  human	
  activities,	
  and	
  add	
  that	
  to	
  MERRA	
  ET.	
  QIBT	
  is	
  used	
  to	
  estimate	
  the	
  
contribution	
  of	
  the	
  ET	
  increase	
  to	
  precipitation.	
  Results	
  show	
  substantial	
  contribu-­‐
tions	
  to	
  precipitation	
  over	
  heavily	
  irrigated	
  Asian	
  regions	
  (Fig	
  4).	
  The	
  contribution	
  
of	
   irrigation	
   to	
   precipitation	
   is	
  much	
   less	
   than	
   irrigation	
   caused	
  ET	
   increase	
   over	
  
most	
  areas,	
  and	
  for	
  the	
  same	
  ET	
  increase,	
  precipitation	
  increases	
  are	
  greatest	
  over	
  
wet	
   areas,	
   where	
   it	
   is	
   most	
   easily	
   trigged.	
   ET	
   increases	
   over	
   dry	
   areas	
   is	
   mostly	
  
transported	
  by	
  prevailing	
  winds	
  to	
  places	
  where	
  precipitation	
  can	
  be	
  triggered.	
  Re-­‐
sults	
  have	
  been	
  presented	
  in	
  a	
  manuscript	
  (Wei	
  et	
  al.	
  2012b).	
  
	
  

 
Figure 4. Results of the 10-year QIBT analysis that shows (a) the mean annual total pre-
cipitation from the ET of irrigation and (b) the percentage of the total precipitation that 
is from the ET of irrigation. 
	
  
Water vapor sources for Yangtze River Valley (YRV) precipitation and its implica-
tions 
YRV	
  is	
  selected	
  as	
  a	
  region	
  for	
  detailed	
  study	
  using	
  the	
  back-­‐trajectory	
  method	
  be-­‐
cause	
   of	
   the	
   frequent	
   floods	
   over	
   there.	
   Another	
   reason	
   is	
   there	
   is	
   no	
   spurious	
  
decadal	
   variation	
   in	
   MERRA	
   precipitation	
   over	
   this	
   region,	
   which	
   is	
   scarce	
   in	
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reanalysis	
  datasets	
  because	
  of	
   the	
   changes	
   in	
  observation	
   systems.	
  This	
   study	
  not	
  
only	
  investigated	
  the	
  moisture	
  sources	
  for	
  YRV	
  rainfall,	
  but	
  also	
  discussed	
  the	
  impli-­‐
cations	
  of	
   the	
   results	
   for	
   land-­‐atmosphere	
   interactions	
  and	
  rainfall	
  prediction.	
  Re-­‐
sults	
  have	
  been	
  published	
  in	
  Wei	
  et	
  al.	
  (2012a)	
  and	
  presented	
  by	
  Wei	
  (2011).	
  
Figure	
   5	
   shows	
   that	
   although	
   the	
   local	
   and	
   surrounding	
   land	
   region	
   is	
   the	
   main	
  
moisture	
  sources	
  for	
  YRV	
  rainfall	
  (Figure	
  2b),	
  the	
  correlations	
  between	
  the	
  moisture	
  
contributions	
   and	
   rainfall	
   (Figure	
  2a)	
   and	
   especially	
   the	
   correlations	
  between	
   the	
  
moisture	
  contributions	
  and	
  the	
  total	
  ET	
  are	
  low	
  over	
  this	
  region.	
  Thus,	
  ET	
  over	
  this	
  
land	
  region	
   is	
  not	
  very	
  useful	
   for	
  rainfall	
  prediction	
  (Fig	
  5d).	
   In	
  addition,	
   it	
   is	
  also	
  
found	
   that	
   soil	
  moisture	
   does	
   not	
   control	
   the	
   variation	
   of	
   ET	
   over	
   this	
   region	
  be-­‐

cause	
   the	
   soil	
   is	
   very	
  
wet	
   and	
   the	
   ET	
   varia-­‐
tion	
   is	
   mainly	
   con-­‐
trolled	
   by	
   available	
  
energy	
   (Dirmeyer	
  
2011).	
   Therefore,	
   the	
  
two	
   components	
   that	
  
links	
   soil	
   moisture	
   to	
  
precipitation	
   (SM-­‐ET	
  
and	
   ET-­‐P)	
   are	
   both	
  
weak	
   over	
   this	
   region,	
  
so	
   soil	
   moisture	
   over	
  
this	
   region	
   cannot	
  
provide	
  much	
  informa-­‐
tion	
   for	
   precipitation	
  
prediction	
  over	
  YRV.	
  
	
  
	
  
Using MERRA and 
MERRA-Land analy-
ses to quantify land-
atmosphere coupling. 
Dirmeyer (2011) pre-
sented a terrestrial cou-
pling metric that can be 
calculated from time 
series of soil moisture 
and surface fluxes.  
Many previous studies 

have concentrated on the temporal correlation between soil moisture and evaporation (as 
well as sensible heat flux) as an indicator of the degree of control of land surface states 
on surface fluxes, and thus possibly weather and climate.  By multiplying this correlation 
by the standard deviation of the flux, the degree of impact can be estimated as well.  This 
is mathematically equivalent to the product of the slope of the regression (flux versus soil 
moisture) and the standard deviation of soil moisture. 

Figure	
  5.	
  (a) June-July 1979-2010 interannual correlation 
between total precipitation over YRV and its evaporative 
sources; (b) Square root of average percentage of evaporative 
source that contributes to YRV precipitation; (c) Interannual 
correlation between total ET and the evaporative contribution 
to YRV rainfall during June-July; (d) The product of (a)-(c) 
showing the critical evaporative sources that may contribute 
to the prediction of YRV precipitation. Only the areas signifi-
cant at 95% level are shaded. 
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We found that global seasonal maps of this index were remarkably similar whether the 
source of data were from offline simulations of land surface models, coupled land-
atmosphere model simulations or reanalyses.  However, some notable outliers were found 
in the patterns from MERRA that were traceable to parameter settings in the land surface 
scheme in GEOS, and the assimilation of precipitation (auxiliary material in Dirmeyer 
2011).  Collaboration with Q. Lu and R. Reichle of NASA/GSFC helped to pinpoint 
these problems in MERRA and MERRA-Land analyses.  
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