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High Monsoon H20 in the 
11+Year MLS Record 

• High mean (colors) and outliers (contours) 
are associated with the North American 
Monsoon upper-level Anticyclone NAMA 
and the Asian Monsoon Anticyclone AMA

• QUESTION:  Do we see signatures of 
overshooting convection in MLS H2O that 
can be distinguished from monsoon LS H2O 
morphology reproduced in modeling studies 
by slow ascent through the TTL?



MLS 100-hPa H2O wet extremes (all seasons)
• Study boxes chosen to enclose 

regions of extreme values, both in 
terms of occurrence frequencies and 
maximum values in the record.

• The systematic clustering of outliers 
in these study boxes confirms the 
high quality of the MLS record.  

• The wettest 100-hPa points in the 
record are in the northeast of NAMA.

• The AMA has a larger fraction of 
global 100-hPa H2O measurements 
between 8 and 10 ppmv, but fewer 
extreme outliers above 11 ppmv.

• The SA box (in Jan–Feb) contains 
some of the highest extreme H2O 
values in the record, although SA 
100-hPa mean values are <4 ppmv.

• Many of the highest outliers outside 
of the study box regions can be 
associated with volcanic plumes.

• Statistics shown throughout this talk 
are based on these study boxes.



North American July-August Joint H2O-Temperature PDFs 
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•Solid curves show chlorine 
activation thresholds from 
Anderson et al. [2012]: Black = 
nominal sulfate aerosol; Gray = 
enhanced (volcanic) aerosol 
conditions.

•Dashed curves apply within an 
unresolved 1-km enhanced H2O 
layer embedded in a 5-ppmv 
background.

•Most of the highest July–August 
NAMA H2O values occur at 
temperatures too high for 
activation in the current climate.



Asian Monsoon July-August Joint H2O-Temperature PDFs 
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• Solid curves show chlorine 
activation thresholds from 
Anderson et al. [2012]: Black = 
nominal sulfate aerosol; Gray = 
enhanced (volcanic) aerosol 
conditions.

• Dashed curves apply within an 
unresolved 1-km enhanced H2O 
layer embedded in a 5-ppmv 
background.

• The July–August AMA is, on 
average, slightly wetter but 
significantly (~5 K) colder than 
the July–August NAMA.

• The peak in the July–August 
AMA H2O PDF is within 
Anderson et al.’s activation 
regime for binary sulfate aerosol 
growth in the current climate.



July August 2005—2013  joint H2O-T pdfs and implications for posited chlorine activation



MLS H2O Monthly Histogram Time Series
• Monthly histograms represent every profile in the two study boxes from  9/2004–9/2014. 

Colors are logarithmic PDFs that integrate over mixing ratio to unity for each month.

• The seasonal cycle in mean values has slightly larger amplitude in AMA than in NAMA.

• Dark blue outliers are individual MLS profiles indicative of convective injection of H2O; they 
occur preferentially in July–August (shaded background), as well as May–June in AMA.

• The highest observed values occur in NAMA.

• Interannual variability can be seen both in the means and in the extreme values.

• 2010–2012 had the highest outlier values in NAMA in the 7+ years shown in the GRL paper, 
but 2013–2014 did not continue that “trend”.

NAMA AMA



100-hPa H2O NAMA Histograms  

• Histograms (left) are an estimate of the underlying PDFs

• the high outlier tail is noisy and saturates to a single value, at which point the sparseness 
of points rather than their value provides the information.

• Cumulative sums (right) of the histograms from the high side estimate the integrated histograms.

• Tails are easier to see

• Values tell the fraction of observations above a given mixing ratio



Cumulative H2O Histograms 
North American Monsoon Study Box

• PDFs, integrated from 
the high side, show the 
fraction of NAMA 
profiles with mixing 
ratios exceeding a 
given value in a given 
month.

• Y-scale is logarithmic; 
the “floor” is due to one 
point of ~10,000 in 
NAMA of a given 
month, and “steps” are 
additional points.

• Dashed lines (identical 
on all plots) are a 
reference Gaussian.  

• Question: Are Summer 
non-Gaussian, high 
outliers convective 
injection?



Cumulative H2O Histograms (Asian Monsoon Anticyclone)

• AMA has a larger 
fraction of 100 hPa 
values >8 ppmv than 
NAMA in July (red 
curve), but a smaller 
fraction in August (pink 
curve).

• AMA high outliers are 
evident beginning in 
April (yellow curve), 
much earlier than in 
NAMA.

• The highest July-
August (red and pink 
curves) extremes are 
lower in AMA than 
those in NAMA.



• K. Bedka    Geostationary imager-based

• Automation of manual 
identification by texture in Vis/IR 
imagery

• C. Liu, N. Liu:  TRMM & GPM RADAR

• GPM has coverage to 60N but, 
as yet, only 1+ year of data

• NA Midwest has largest global 
feature   

• L. Pfister:  3-hourly from combined TRMM rain rate (to reject anvils) and IR + analysis theta

Numerous inventories of convective overshooting of the tropopause are being 
developed using a variety of observations

• NAMA Midwest/South of Continental US stands out in these inventories.  

• NAMA overshoots result from deep convection combined with a lower tropopause than in tropics or AMA



Global variations of HDO and HDO/H2O ratios in the upper troposphere and lower 
stratosphere derived from ACE‐FTS satellite measurements

Journal of Geophysical Research: Atmospheres
Volume 117, Issue D6, D06303, 22 MAR 2012 DOI: 10.1029/2011JD016632
http://onlinelibrary.wiley.com/doi/10.1029/2011JD016632/full#jgrd17571-fig-0012

Randel, et al., 2012 show Convective influence in NAMA from ACE-FTS HDO/H2O

• NAMA has the largest global enhanced δD feature, both spatially and 
seasonally, while AMA enhanced H2O is not associated with enhanced δD.

• AMA 100hPa-83hPa levels are 5-8K colder than NAMA, so overshooting ice 
does not sublimate as efficiently.

• 10 years of ACE-FTS midlatitude JJA sampling is still very sparse, particularly 
for India/BoB, where the δD map is based upon only a handful of points.   

Randel, et al. 2012

http://onlinelibrary.wiley.com/doi/10.1002/jgrd.v117.D6/issuetoc
http://onlinelibrary.wiley.com/doi/10.1029/2011JD016632/full#jgrd17571-fig-0012




Modeling Studies
Many modeling studies (e.g. Ploeger et al., Wright et al., Schoeberl et al., Randel, et al.) 
have shown that lower stratospheric H20 (including the monsoons) can be reproduced with 
a fair degree of fidelity by slow ascent through the TTL without direct convective injection. 

• Here we consider  Schoeberl, Dessler, Wang (SDW) Domain-filling Lagrangian
Trajectory model 

• Parcels are launched daily, 60S—60N, in the  lower TTL (370K) wherever this 
surface is above the level of positive net heating and below the tropopause (both 
cold point, WMO lapse rate and 380K)

• Lagrangian model is driven by analysis (here, MERRA) winds, heating rates, theta 
and dehydrated  instantaneously and irreversibly when Murphy Koop RHI exceeds 
100%

• After several years of spin-up, parcels fill the stratosphere. They are removed if they 
reenter the troposphere (P>250 hPa)

• There is no mechanism for mixing in the model so parcels are permanently 
imprinted with 100% RHI of the coldest point in their history. Their only subsequent 
change is a gradual increase from methane oxidation.  Distributions do not relax to 
Gaussians, but may still provide some insight into variability of young air parcels.



• Models with parcel humidity fixed by cold 
points on trajectories during slow ascent 
through TTL can do a good job of 
reproducing mean 100 hPa H2O.

• Here we compare MLS map with SDW 
model with latitudinally dependent,  0—1.2 
ppmv dry bias removed.

• SDW does a remarkable job reproducing 
zonal variability of MLS mean H2O maps.

• Ascent through TTL, confined by monsoon 
anticyclones, can avoid global cold traps

• Question:  How well does SDW do in 
reproducing observed high outliers?

Schoeberl Dessler Wang (SDW) Comparison with MLS Mean H2O Maps



MLS NAMA H2O Histograms SDW Model NAMA H2O Histograms
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MLS NAMA H2O Cumulative histograms SDW Model NAMA H2O Cumulative histograms

82.5 hPa
100 hPa



MLS AMA H2O Cumulative histograms SDW Model AMA H2O Cumulative histograms
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MLS NAMA H2O SDW Model NAMA H2O

82.5 hPa
100 hPa

• SDW H2O has many more outliers above 7ppmv at 82.5 hPa and above 9ppmv at 100 hPa

• But lacks outliers in northern part of NAMA box



MLS July-August AMA H2O SDW Model July-August AMA H2O

82.5 hPa
100 hPa

•



MLS  AMA Day & Night H2O MLS  NAMA Day & Night H2O  

82.5 hPa
100 hPa

Diurnal Variability Indicating Recent Convection



MLS  AMA Day & Night H2O  MLS  NAMA Day & Night H2O 
82.5 hPa

100 hPa

Diurnal Variability of cumhist tails indicates recent NAMA convective injection



Diurnal Variation in Cumulative Histograms (MLS 2AM vs 2PM observations)

• Diurnal variation in H2O is almost certainly due to convection that is local in space and in time. 

• Assessing impact of an, at most, ~1% observed “daily tail wag” on the H2O budget is not 
straightforward

• Evaporation in 12 hrs before ~2AM observation disperses in the next 12 hours to length scales that 
are a poorer match to the  (3km x 7km x 210km) ==(vertical, across-track, along-track) of AVKs.

• Lack of signal in AMA could be due to less overshooting and/or a colder/higher AMA tropopause 
(less sublimation.)  Differences in the diurnal cycle of convection in the two regions also may factor.



• Unnormalized Cumulative histograms of 
100 hPa H2O are shown for different 
IWC regimes

• Wet parcels are more likely to be above 
convective cores

• 3% of dry parcels and half of wet 
parcels (H2O>10 ppmv) are over 
convection (121-hPa IWC > 0.1mg/m3) 

• There is a much higher incidence of 
high IWC in AMA and warm pool than in 
NAMA, but not higher 100 hPa H2O

100 hPa H2O 
for different   
121 hPa IWC 
regimes

100 hPa H2O 
for different   
121 hPa IWC 
regimes

Higher IWC (convective core) regimes have fractionally more high outliers

30x

~same



Conclusions

• MLS provides a high-quality, 11-year record of global daily water vapor profiles including the UTLS, 
with high mean values and high outlier values that are spatially and temporally correlated with the 
monsoon anticyclones.

• Models (example being SDW model minus a zonal mean bias) do a  good job of reproducing MLS 
mean maps.  

• SDW model does a surprisingly good job of qualitatively reproducing much of the AMA and NAMA 
monthy high-outlier tails observed by MLS, suggesting that high outliers can result from slow ascent 
confined to monsoon-region TTL that avoids cold traps.

• The model always has more high and low outliers because it has no mixing (no relaxation 
mechanism).

• SDW does not reproduce high outliers the northern part of the NAMA box 

• The high-H2O pdf tail in the NAMA has diurnal variability that is a signature of local convection.  
Significant diurnal variability of high-H2O probabilities is not seen in the AMA.  Quantitative 
interpretation of this diurnal variability will require modeling.

• MLS IWC-H2O correlation in the NAMA also suggest that local convection is important in producing 
H2O high outliers
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