
The correlations decrease sharply downward toward the
surface owing to the presence of the shallow SBJ, and
they decrease upward into the middle troposphere
above the Sierra crest. The altitude of the orographic
controlling layer is ;50% higher than that observed
along the California coast (i.e., ;1 km MSL; Neiman
et al. 2002, 2009), partly because the mountains are
higher and the blocked flow deeper than in the coastal
zone. The controlling layer is ;100m higher at CCO-
FOR than at SHS-BLU, consistent with the fact that the
SBJ core is higher at themore northern couplet (Figs. 5a,c).
In contrast to the Sierra couplets, the CCO-STD couplet
shows the importance of the SBJ in generating oro-
graphically enhanced precipitation at the windward base
of the Shasta–Trinity Alps at the north end of the CV. A
shallower, less prominent controlling layer at 0.75 km
MSL (r 5 0.925) resides within the SBJ at CCO and
reflects the strong up-valley transport of water vapor
toward Shasta–Trinity. The correlation remains large
downward toward the surface in the SBJ flow. Aloft, the
correlation does not decrease as much as its Sierra
counterparts and it increases again above crest level
(;3 km MSL); this behavior is likely linked to transient
synoptic forcing aloft. The altitudes of the orographic
controlling layer at the Sierra and Shasta–Trinity cou-
plets are much lower than the level of 700 hPa (;3 km
MSL) used for obtaining the direction of flow in the
Rhea (1978) operational orographic precipitation model.
However, the altitude at the Sierra couplet roughly
matches that of the cool-season vapor flux maximum in
Pandey et al. (1999), who used four decades of coarse
temporal–vertical resolution (relative to the profiler)
rawinsonde data from Oakland to quantify upstream
impacts on orographic precipitation in the Sierra.
Composite time series of precipitation rate and upslope

IWV flux at the controlling layer (Fig. 8b) reveal the
close temporal relationship and orographic link between
these two variables at each couplet. They also show that
the strongest orographic forcing at the Sierra couplets
occurs 2–5 h after the SBJ core when the wind shifts
from southerly to southwesterly (i.e., the flow becomes
more perpendicular to the axis of the Sierra; Figs. 5a,c)
in the moist remnant AR airstream and in the dynami-
cally forced cold-frontal zone. Roughly 56% of the pre-
cipitation at the Sierra gauges fell during SBJ conditions
(t # 2h), 21% during the cold-frontal passage (5 # t #
2h), and 23% in post-cold-frontal conditions (t $ 5 h).
Unlike in the northern Sierra, the maximum orographic
forcing at the north end of the CV coincides with the
shallow SBJ core at CCO. This latter result supports the
model-based study of Kim and Kang (2007) that used
regional climate simulations to investigate the influence
of the Sierra on the water cycle for a winter season. They

FIG. 8. Composite, 13-case, 24-h duration orographic precipitation
analysis from the wind profiler–precipitation gauge couplets at SHS-
BLU (red curves; upslope direction from 2508), CCO-FOR (blue
curves; upslope direction from 2508), and CCO-STD (green curves;
upslope direction from 1608). (a) Vertical profiles of linear correla-
tion coefficient, based on hourly averaged profiles of upslope IWV
flux vs hourly precipitation rate. (b) Time series of upslope IWV flux
(solid lines) in the layer of maximum correlation coefficient (1.2–
1.7 kmMSL at SHS-BLU, 1.3–1.8 kmMSL at CCO-FOR, 0.5–1.0km
MSL at CCO-STD) and hourly precipitation rate (dashed lines).
Time5 0h (thin vertical dotted line) corresponds to the time of each
SBJ core (i.e.,Vmax) observed at SHS. The shaded rectangle denotes
the 3-h cold-frontal period based on theWRF-RD analysis in Fig. 11.
(c) Scatterplot analyses and linear regression fits in the layer of
maximum correlation coefficient. Numerical values of correlation
coefficient r and composite accumulated precipitation are given.
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Conclusions)
•  A"ZTD"variance"constraint"of"0.02"m/sqrt(hr)"best"captures"the"rapid"ZTD"changes"associated"

with"AR"events"without"introducing"spurious"variaAons."
•  Peak"values"are"overesAmated"by"radiosondes"possibly"because"of"strong"upslope"winds"

blowing"them"into"higher"IWV"areas."
•  LiJle"difference"is"seen"in"GPS"ZTD"soluAons"that"include"gradients.""
•  A"shorter"soluAon"interval"of"15"min"provides"small"improvements"over"larger"intervals."
•  Using"the"opAmal"GPS"ZTD"variance"increases"the"correlaAon"of"GPS"IWV"with"radiosonde"IWV"

and"also"the"correlaAon"of"bulk"upslope"IWV"flux"with"hourly"rain"rate."

Using)rapid)radiosonde)launches)during)extreme)changes)in)water)vapor)transport)during)atmospheric)
river)events)to)op7mize)ground9based)GPS)ZTD)solu7ons"

Rapid)changes)in)onshore)moisture)transport)

GPS)ZTD)comparison)with)radiosondes)Abstract)
Low"level"water"vapor"transport"over"the"California"coastal"mountains"
has" been" shown" to" be" highly" correlated" with" the" maximum"
precipitaAon" in" the" coastal"mountains" in" winterAme" Pacific" storms,"
where" the" dynamics" are" dominated" by" a" low" level" jet" ahead" of" the"
cold" front" associated" with" a" midWlaAtude" cyclone" (Neiman" et" al.,"
2013)." In" these" cases"with" relaAvely" simple" dynamics" driven" by" the"
orographic" precipitaAon" mechanism," water" vapor" transport" can" be"
quanAfied"as"the"integrated"water"vapor"mulAplied"by"the"mean"wind"
speed" in" the" controlling" layer" at" approximately" 1" km" above" the"
surface." Here" we" invesAgate" how" closely" groundWbased" GPS"
measurements" can" track" the" rapid" acceleraAon" and" deceleraAon" of"
onshore" moisture" flow" by" comparing" them" to" a" unique" dataset" of"
rapidly"launched"radiosondes"in"several"atmospheric"river"(AR)"events"
in"January"and"February"2017"carried"out"by"the"Center"for"Western"
Weather"and"Water"Extremes" (CW3E)." In"parAcular,"we" focus"on"an"
increase" in" ZTD" corresponding" to" 16"mm"of" Integrated"water" vapor"
(IWV)"over"21"hours"on"February"7"was"measured"the"day"the"damage"
to"the"spillway"at"Oroville"Dam"in"northern"California"was"detected."
(hJps://ww2.kqed.org/news/2017/02/07/engineersWassessWspillwayWproblemWatWorovilleWdam)"
"

The" synopAc" situaAon"on"6" February"2017"
i s" shown" be low." A" sequence" o f"
several" consecuAve" low" pressure" centers"
directed"moisture" into"northern"California."
This" event" had" a" typically" long" duraAon"
precipitaAon" contribuAng" to" the" overflow"
at"Oroville"Dam."

GPS)and)radiosonde)observa7on)sites)

Site Lat (°) Lon (°) 
Altitude 

MSL (m) 

RS 

type 

Combined Uncertainty in sounding 

P (hPa) 

>100hPa 
T (°C) RH (%) 

UKI1 39.160 -123.194 182 
Vaisala 

RS-41 
1.0 0.3 4% 

UKI2 39.113 -123.192 176 RS-41 1.0 0.3 4% 

BBY 38.319 -123.072 13 RS-41 1.0 0.3 4% 

!1!

No. Lat (deg) Lon (deg) 
AMSL 

(m) 
REC ANT Dome 

Corresponding 

RS site 

P190 39.242 -123.204 232.2 
TRIMBL

E NETRS 
TRM29659.00 SCIT UWTP,UWWP 

P183 38.314 -123.069 42.4 
TRIMBL

E NETR9 
TRM29659.00 SCIT BBML 

!1!

Table1)loca7ons)and)equipment)of)RS)observa7ons"
"

Table2)loca7ons)and)equipment)of)GPS)observa7ons)nearby)RS)sites"
"

Sensi7vity)tes7ng)in)GAMIT)GPS)data)analysis)

All"tests"were"implemented"with"15Wmin"ZTD"interval,""10Wdegree""elevaAon"cutoff,"24Whr"sliding"window,"and"SOPAC"dynamic""reference"frame."

Time"series"of"GPS"ZTD"(lines,"lowermost"two"panels)"and"its"difference"compared"
with"radiosonde"(RS)"(top"two"panels)"at"p183"and"p190"for"the"Ame"span"from"2"
Jan−28" Feb" 2017." For" GPS" ZTD" analysis," test" of" the" zenith" variaAon" (ZV)" with"
values"of"0.005,"0.01,"0.02"(reference),"0.05"and"0.1"per"sqrt" (h)" "are"presented."
Equivalent"ZTD"from"RS"data"in"situ"are"represented"by"red"circles."

Site 
Schem. 

Zv (m) 

Schem.  vs. Control (mm) GPS vs. RS (mm) 

bias rms 
Person 

Corr. 
Num. bias rms 

Person 

Corr. 
Num. 

P183 

0.10 0.01 1.54 1.00 5568 -5.42 5.54 0.989 146 

0.05 -0.01 1.13 1.00 5568 -5.39 5.25 0.990 150 

0.02 − − − − -5.46 4.63 0.992 150 

0.01 -0.01 1.18 1.00 5568 -5.80 4.65 0.992 153 

0.005 -0.08 2.85 1.00 5568 -6.15 4.78 0.992 154 

P190 

0.10 0.03 1.46 1.00 5424 0.30 6.63 0.986 66 

0.05 0.02 1.08 1.00 5424 0.40 6.70 0.985 72 

0.02 − − − − 0.45 6.53 0.985 74 

0.01 -0.04 1.01 1.00 5424 0.39 6.65 0.981 75 

0.005 -0.10 2.37 1.00 5424 0.23 7.14 0.977 75 

!1!

Table" 3" Error" of" GPS" ZTD"with" different" values" of" zenith" variaAon" constraint" (zv)," i.e."
different"scheme"minus"control"(Cntr)"scheme"and"GPS"minus"radiosonde"at"sites"p183"
and"p190"from"2"Jan"to"28"Feb,"2017"

Implica7ons)for)the)rela7onship)between)bulk)upslope)IWV)flux)and)rain)rate)

."
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Parameters"that"must"be"chosen"in"the"GPS"data"analysis"method"may"have"
an"impact"on"the"Ame"resoluAon"of"rapid"changes"in"Zenith"Tropospheric"
Delay"(ZTD)"soluAon"and"IWV:"
1)  ZTD"variance"constraint"balances"how"rapidly"changes"can"occur"

against"data"fit."
2)  ZTD"soluAon"interval"(15,"30"or"60"min)"
3)  SoluAon"to"include"ZTD"gradient"to"account"for"spaAal"variaAons"in"

moisture"above"a"site.""

Synop7c)situa7on)

ZTD)gradients)included) ZTD)solu7on)interval) ZTD)variance)constraint)

GPS)reference)network)

Objec7ves)
•  InvesAgate"the"GPS"data"analysis"opAons"that"impact"rate"of"
change"of"IWV"

•  OpAmize"the"GPS"data"analysis"opAons"using"3"hourly"
radiosondes"launches"

•  Review"empirical"relaAons"among"IWV,"upslope"water"
vapor"flux,"and"precipitaAon"

•  Examine"the"sensiAvity"of"topographic"precipitaAon"
esAmates"to"GPS"IWV"accuracy"

CorrelaAon" between" IWV" flux"
and" precipitaAon" rate" over" the"
Ame" +/W" 12" hours" of" the" IWV"
maximum"for"a"composite"of"13"
AR"cases"(Neiman"et"al.,"2013)."

The"results"may"be"used"to"assess"the"value"of"dense"observaAons"of"GPS"ZTD"available"in"
California"for"realWAme"verificaAon"at"hourly"Ame"resoluAon"for"atmospheric"river"events"
that"would"provide"increased"confidence"in"short""term"precipitaAon"forecasAng.""
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Para.\name cntr cexp mapf Ionm Grad Zv01 Zv02 Zv03 Zv04 Zc01 Zc02 
Choice of 
experiment 

Relax Baseline Relax Relax Relax Relax Relax Relax Relax Relax Relax 

Zenith delay 
constraints 
(m) 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.25 0.75 

Zenith delay 
variation 
(m/sqrt(hr)) 

0.02 0.02 0.02 0.02 0.02 0.005 0.01 0.05 0.10 0.02 0.02 

Atmospheric 
horizontal 
gradients 

none none none none yes none none none none none none 

Dry map 
function 

GMF GMF VMF1 GMF GMF GMF GMF GMF GMF GMF GMF 

Wet map 
function 

GMF GMF VMF1 GMF GMF GMF GMF GMF GMF GMF GMF 

Ion model GMAP GMAP GAMP NONE GMAP GMAP GMAP GMAP GMAP GMAP GMAP 

orbit Final final final final final final final final final final final 

!1!

Composite)of)10)rainfall)events)

GPS"IWV"
!"""PW"Max"+/W"12"hours"""

Rain"Rate"

CorrelaAon"of"composite"PW"and"precipitaAon"as"a"funcAon"of"Ame"as"in""
Neiman"et"al.,"2013."Slope"predicAng"precipitaAon"is"affected"by"ZTD"constraint."
"

CorrelaAon"of"GPS"derived"PW"and"upslope"IWV"flux"with"rain"rate"is"stronger"than"that"derived"from"radiosondes"during"
rainfall"events."The"key"is"to"idenAfy"that"an"event"is"underway,"which"limits"use"as"a"predicAve"tool."However,"GPS"IWV"
and"expanded"GPS"ZTD"dataset"would"provide"added"value"for"realWAme"verificaAon"and"data"assimilaAon."

GPS" Radiosonde"


