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Accuracy of precipitation measurements,
Instrument calibration and techniques
for data correction and interpretation

WIND INDUCED UNDERCATCH:
Field observations and Computational Fluid Dynamics simulations
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[ Problemstatement & Objective }

e : : The airflow surrounding any precipitation gauge is deformed by the
Wind is recognized as the first presence of the gauge body, resulting in the acceleration of wind above
environmental source for the undercatch the orifice of the instrument, which deflects the hydrometeors
of solid and liquid precipitation as (liquid/solid particles) away from the collector (the wind induced
experienced by catching type gauges undercatch).
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Casella tipping bucket rain gauge Geonor T200B weighing rain gauge

Airflow above the collector of a shielded rain gauge

The undercatch depends on:
A rain gauge geometry
A wind speed o _ .
A type of precipitation: rain or snow Drag coefficient / trajectories

A precipitation intensity Drop size distribution (DSD)

mmm) Aerodynamic response / generated turbulence



Hardware solutions
Wind shield Aerodynamic rain gauge

T k.

EML tipping bucket rain gauges

Scientific research Numerical simulations
Field data analysis '
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Rain gauges in operational conditions

Droplet trajectories

Airflow

\ I Overallobjective: Derive suitable correction curves (transfer functions) for operational use I —
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Field observation:
STATE OF THE ART
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Fileld Observation
@ >

Double Fence Inter-comparison Reference
(DFIR) - WMO

Instruments in operational conditions

SPICE Solid Precipitation
Inter-Comparison Experiment

Three years 2011-2013, about 20 field sites e.g:
Marshall (Colorado)
Haukeliseter (Norwey)
Formigal (Spain)
Weissfluhjoch (Switzerland)
Joetsu (Japan)
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Marshall (CO), Geonor T200B unshielded and with single Alter wind
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Thériaultet al. 2015 The DFIR is octagonal therefore two different  [r—— =" Collection ratio:
orientation were tested. 291 | —e— wet Snow
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[ Haukeliseter (Norway) experimental site }

A Data from three winters (2011-2013)

A Wind measurements at 10 m height (WMO standard) and gauge height

A Temperature measurements

Catch ratio
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Temperature and type of precipitation:

T22°C rain Catch ratio is not influenced significantly by the wind

-2<T<2 °C mixed liquid/solid”A DSDA Large scatter of data

T<-2 °C snow Characteristic decreasing shape

Obijective: derive a new adjustment functiono
obtain the real precipitation from the measured one

Ref.: Wolff M.A. et al. (2015)



[ ! R 2 dza funtiy uséd in Norway J

OEAAGAY T 4! Rederland&@ali ¢ Cdzy Ol A2yWSHE ! Redza i Y, VI M.A. etdty(201L5)

(1%\96)
For Geonor gauge

A Cold climate in Nordic country

SOLID precipitation

[ pr=pugr (V. T) = pye'

bo+bV+r T+b3VT) ]

- prtrue precipitation

- pmmeasured precipitation \ Dependence of temperature

- T air temperature el (V. T) T <0.0°C

-V wind speed at the gauge high PT = l milar(V.T)+g (V,@] /2 0.0 < T <2.0°C = MIXED precipitation
- b0, b1,b2,b3 parameters g (VD) T >2.0°C.

LIQUID precipitation
cot+c1V+erlog(l)+b3 Vlog([)]}

Problem of this formulation:

The lack of continuity when

- Function of the precipitation Intensity@ — Wide spectrum of different the temperature varies across
\ precipitation events the limits during an event.

[ pr=pmg (V,T)= pme[

| is used an indirect measure of drop size DSD



[ Adjustment function used in Norway J

New Adjustment FunctiopnWolff M.A. et al. (2015)

1. |Initial criteria:
A The catch ratio is function of wind speed V only
A The ratio decreases exponentially as a function of V

4. Bayesian Model Likelihood (BML)
A the parameters 6 and B are constant

A =(T)
PM —(K)ﬁ
RT:p—:(l—r)e ) +1 / (ﬁ) ﬁ\
T ST Vi
R: = {1 = (1 — 1) — — }‘(9)
_ 1 —I—e( ’ )

2. Assumption: (i)
A The catch ratio varies with temperature T 1+ (1 — 1) — (TT) +o (1) e,

l+e\ °r

v ]ﬁ(T) \ /

R=r@v.T)y=[1-t()]e Ry (1) Ti, S, Te differs for wind speed measures a 10m
or at gauge height (4,5m).

3. Assumption: This function ensures the required continuity across a wide range
A The parameter functions are described by of temperature.
sigmoid function Results:
o(T=Ts)/s A continuous equation which describes the
G (T)=¢1+ (P —b1) o T T wind—induced undercatch for snow, mixed

precipitation and rain events for wind speed
up to 20m/s and temperature up to 3°C.




Adjustment function used in Norway

It is recommended to use the wind data

at the gauge height wherever possible!
But

the aerodynamic effect of other nearby

installation must be taken into account.

— Observed accumulation DFIR  +== Observed accumulation X2
a~ Corrected accumulation X2 == Temperature == \Vind speed
. -c N
The large data set allows to derive the 5 % _ &1 ] DSD?
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Haukeliseter,
Norway

[ Norway and USA experimental sites }

Exponential transfer FunctiorKochendorfeet al. (2017a)

Marshall Site, USA .

A Data from the winter (2010) (Before SPICE)
A Two sites: Marshall (USA) and Haukeliseter (NOR)
A Temperature measurements

/Haukeliseter )

A Wind measurements at 10 m and 4.5 m

A 4.5 m gauges collectors height

_ ¥ GAUGES:
Evaluation of =y, TR0 &Y A DFRIR (USA and NOR)
\_ shadowing ) A unshielded (USA and NOR)
A Single Alter (USA and NOR)

Marshall A Double Alter (USA)

A Wind measurements at 10 m ﬁ Belfort Double Alter (USA)

A 1.9 m gauges collectors height small DFIR (USA)

U.~1In [(Z — d)/Z()] Uz wind speed at a height z
20=0.01 m roughness length
d= 0.4m displacement length

Ye X pY



ExistingTransfer FunctionWolff M.A. et al. (2015)

-

CE=|l—-11—(n—1)— Tir—Tx g_(")
14 eH5)
(T”L;Tr) Sigmoid
+ 114+ (12 —11) < Tor—Ts response (sig)
\ 1 + G(T) /

70)

Gauge height wind speed

New Transfer FunctionKochendorfeet al. 017a)

CE = ¢—a(U)(1~[tan™ (b(Ti) <)

Exponential
response (exp)

Wind speed

Different wind
speed response

effects, type of
crystal, spatial

Shield Sig coef Exp coef n  Max U
7 © Tr st 6 B a b ¢ (ms™h
US UN 031 094 —-008 092 258 1.23 0.063 122 066 843 6
All SA 020 0096 022 111 470 197 0.040 110 054 1501 9
NOR SA 026 1.02 0.88 0.99 3.1 1.6l 0.054 071 026 352 9
US SA 0.16 095 -034 1.01 4.9 1.90 0.036 1.04 063 1156 6
US DA 0.00 092 -1.19 189 7.04 136 0.028 074 0.66 1392 6
US BDA 0.00  1.00 1.81 057 873 287 0.015 032 038 1204 6
US SDFIR  0.99 0.96 052 010 0.14 6.16 0.006  0.00 0.00 1508 6
10 m wind speed
Shield Sig coef Exp coef n  Max U
T ) T St e B a b c (ms™ 1
USUN 031 094 —008 092 3.58 1.23 0045 121 0.66 843 8
All SA 0.17  0.96 0.23  1.11 646 2.01 0.03 1.04 057 1501 12
NOR SA 025 1.03 095 1.06 3.99 161 0.05 066 023 352 12
US SA 012 095 —-035 101 7.05 1.87 003 106 063 115 12
US DA 0.00 092 -1.19 189 975 1.36 0.021 074 0.66 1392 8
US BDA 031  1.00 1.79 058 100  3.15 0.01 048 051 1204 8
USSDFIR  0.99 096 052  0.10 014 1075 0.004  0.00  0.00 1508 8

compared to DFIR Analysis of results ~ varability

Shield Sig RMSE, Sig Bias, Exp RMSE, Exp Bias,
mm (%) mm (%) mm (%) mm (%)

US UN 0.18 (16.8) 0.00 (0.4) {0.19 (17.5) 0.00 (0.6)
All SA 0.24(22.9)  —0.02(=18) [0.2524.4) | —0.02 (=2.0)
NORSA | 046(373)  —0.06(—4.5 [0.46(36.7) | —0.02 (=1.3)
US SA 0.13(14.0)  —0.01 (=0.6) [0.14(15.2) | —0.00 (—0.5)
US DA 0.13 (13.9) 0.00 (0.0) |0.14 (13.8) 0.00 (0.1)
USBDA | 0.12(13.6) —0.01(—17) [0.13(14.6) | —0.00 (—0.9)
CUS SDFIR >0.13 (14.1)  —0.01 (=0.09) @13 (14.2) >—0.01 (—1.6)

sDFIR and DFIR respond similarly to wind speed

Measurement noise and
spatial variability of precipitation



Results:

Accumulation (mm)

Accumulation (mm)
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Tmean=-6-6°C, Wmean=3.6m/5

SNOW ONLY T<-2.5°C
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3 4
Corrected P, (mm)

Still some dispersion persists, which may indicate that not

all influencing variables have been investigated yet.




Exponential transfer FunctiorKochendorfeet al. (2017b)

To T>o T To

Data from SPICE project

eight sites

Temperature measurements

Wind measurements a 10m and gauges height

Caribou Creek,
Canada

Centre for Atmospheric

Bratt's Lake,
Canada

Research and
___ Experiments, Canada

" Marshall Site, u"s"A'\\\ N

s

f (Ugh » Tair)

f(Ule, Tair)

Uthresh

UN transfer function CE

1.25

0.75

0.5

0.25

Sodankyla, Finland

.
b
:
Haukeliseter,
Norway

.. Weissfluhjoch;
Switzerland
= ! A
Formigal,
Spain

Shield
CE o e—a(U)(l—[tan_l(b(Tair))—i—c]) # a b ¢ a b c Uiom Usgn
— UN 00785 0729 0407 0.0623 0.776  0.431 9ms=!  72ms~! 3774
SA 0.0348 1366 0.779 0.0281 1.628 0.837 9ms~ ! 72ms~ ! 3725
. . . . . - . FWUgn) FWiom) Uthresh
Without explicitly including Temperature - Shield - Phase n
T2 n a b c a b c Uiom Ugh
—b(U) ~2<T<2°C mixed - UN mixed 0.641 0236 0356 0.624 0.185 0.364 9ms~!  72ms™! 1245
CE = (61)6’ +cC Epp— UN  solid 0860 0371 0229  0.865 0298 0225  9ms~' 72ms™! 1968
=2 Lshow SA  mixed 0668 0132 0339 0821 0077 0175  9ms™! 72ms™! 1297
SA  solid 0728 0230 0336 0742 0.181 0322 9ms~!  72ms™! 1929
Pre-SPICE: Kochendorfeet al. 017a)
T T LT i 125 T T J'_ T
—SPICE Eq.(3) (U, -5 °C) O —SPICE Eq.(3)f(U,,, -5 °C)
—SPICE Eq. (4) f(Ugh. snow) | | c 1 —SPICE Eq. (4)f(Ugh, snow) i
—pre-SPICE Eq.(3) (U, -5 °C) 2 —pre-SPICE Eq.(3)f(U_,, -5 °C)
1 © : .
| c B |
: : | $0.75 |
| ha |
| a :
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I c |
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s S50.25¢ I 1
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| |
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Gauge height wind speed (ms™!)

Gauge height wind speed (ms?)



Results:
uncorrected corrected
4
Marshall ..~ Marshall .«
-

CARE ;

Error statistics:

The associated RMSE, bias, correlation coefficient (r), and the
percentage of events within 0.1mm (PEo.imm) were estimated for

all eight sites.
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Residual errors are ascribed to the random spatial variability of
precipitation, the crystal variability, the different principles of

measure and the measurement noise.

Still some dispersion persists, which may indicate that not all

influencing variables have been investigated yet.



Transfer Function in the Spanish operational netwgBuisanS.T: et al. (2017)

Data from SPICE project, winter 2014-2015
Site: Formigal-Sarrios (Pyrenees)
Wind measurements at 10 m height with a heated anemometer
Gauges orifice height =3.5m

o T To I

Objectives:
Assessment of snowfall accumulation
Assessment of Tipping Bucket Thies (TPB) rain gauge
performance because is the gauge widely used by
Spanish Meteorological State Agency (AEMET)

(@)

Accumulation (mm)

Wind speed (m s

Temperature (°C)
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14:00
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Time (UTC)

(b)

Accumulation (mm)

Wind speed (m/s)

Temperature (°C)

70

B0

50 4

40

30 4

|STRONG wind

=10

COLD temperature

00:00  06:00

12:00 18:00  00:00 06:00 12:00 18:00 0:000
Time (UTC)

Instrument (Manufacturer) Configuration
Weighing gauge Pluvio? (OTT) DFIR
Disdrometer LaserPM (Thies) DFIR
Weighing gauge Pluvio? (OTT)  Single Alter
Weighing gauge Pluvio? (OTT)  Unshielded
Tipping bucket (Thies) Unshielded




Accumulation period: .
| h transfer functions

1h A 214 data CR =0.87 x exp(—0.198 x W) R2 =0.49
. . N — . 1 2 pr—

A 114 events to calculate the regression equation CR=1.01xexp(0.077 x T —0.176W) R*=0.57

A 100 to test it CR = 0.925 x exp(0.069 x T—0.176 x W+0.078 x(Aco))  R2 =0.60

Melt delay ==» True accumulation (1 h)=Acc/CR —0.095 x Acc/CR 4+ 0.095 x Acc (previous hour)

3hA 87 data 3 h transfer functions
A 45 events to calculate the regression equation
A 42 to test it CR =0.84 x exp(—0.234 x W) R2 =052
CR=1.04 x exp(0.094 x T —0.201W) R2 =0.60

CR=0.892 x exp(0.067 x T —0.212 x W +0.049 R%? =0.65
No melt delay ==p  True accumulation (3 h) = Acc/CR

1h accumulation ) 3h accumulation
1,2 1,2 5
(a)
@ 0°Cto -2°C © 0°Cto -2°C
1,0 o o o O -2°C to -4°C 1,0 - [o} o —2:C to —4:0
o e @ —-4°C to -6°C . o ° @ —-4°C to -6°C
3 £ 9 8 ® <6°%C = ° © o ® < 6°C
= 08 A ° L 084
Q &
an]
o =
t’ 0,6 ~ 0,6 -
g o)
b 0]
@ r
-
5 04 = 04 1
@
O Q
0,2 0.2
0,0 T 0,0 !
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Wind speed (m s™) Wind speed (m s™)
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Section 2

a )
CFD simulations:

STATE OF THE ART
= /




o [

NavierStokes equations

Newtonian fluid

The equations of motion

Incompressible r

J )] 1 é

1 ko — 0f O
Tis the stress tensor 0
Dis the deformation rate tensor ¢<> T

pT N

_ “Q 4
” T (D 4'-T O

Reynolds AveragblavierStokes equations (RANS)
ui(X,t)=0 (Xt)+ui’(X,t)

p(X,t)= ] (X t)+p’(X;t)

O and f] are the mean of flow velocity components and pressure
O and LJ&re the fluctuations

Large Eddies simulation (LES)

G is Filter function O (elD) Qe  «)o (e)Q

— 60—  —— i — n
T 0 are the components of the filtered field
Subgrid scales are modelled through the stress tensor (z )
e.g.

k-, k-w and SST k-w

Advantages
- Lover computational cost compared to LES simulation
- Good description of the mean flow velocities features

Disadvantage
-The URANS fails to account for the unsteady turbulent fluctuations

<«——— Closure problemA models—— €&.8.

Smagorinsk
Advantage: & Y

- Calculation of the unsteady turbulent fluctuation
until the detached scale

Disadvantage
- High computational cost



[State of the art:Lagrangiantracking Model }

Colli M., PhD thesis:

Assessing the accuracy of precipitation gauges: a CFD approach to model wind induced errors
Supervisor: Prof. Ing. Luca G. Lanza, Eulerianmodel

External Referee: Dr. Roy Rasmussen Computational Fluid Dynamics Simulations (CFD) :

SOLID PRECIPITATION PARTI®RESItY) - E?SNS (SST k-omega)
Shielded and unshielded gauges ——  Result: Airvelocity

Uncoupled approach for particle trajectories

o
S—

Lagrangiarparticle tracking model
Equation of motion

Frplﬂjtf'ap = —Gﬂiqpﬂaﬂ.E{Fp — |vP _ 1 -LI;_:-{PP . }'jajlg PR——

Simplification : use of a fixed CD, function of particles terminal velocity wr

I
o

£
e

Vertical coordinate Z (m)

=
L&
L

BT T

Dw,

Re, =
P U,

B - <

0.4 0.2 0.0 0.2

.DD PF '[II,I" - ﬂ{ dj W N{:dj - Stream-wise coordinate X (m)

RANS simulation: Magnitude of velocity Uw=5m/s
D , ,
o -I':'j:;lll;"lIr F Max {d] * N(d’-_}

CE calculated from the simulation model: CE__;, =




[ State of the art: improvements }

“An Improved Trajectory Model to Evaluate the Collection Performanc&nbwGauges,
Colli et al. 2015.

The drag coefficient was estimated using the local Reynolds number as derived from CFD simulations

CD=f(Rep)

PNS/PDFIR (-)

PSA/PDFIR (-)

0.8 4

0.6 4

0.4 4

0.2 1

0.0

1.0 -
08 -
0.6 1
04

024

0.0

Re

p=

Va

ﬂ IVp_vﬂl

Validation by means of comparison of field data

wzzzzz Field observations
A— THI12 CD=oost.

- KCO05 Cpy=cost.
& KCO05 CD(ch)

Wind speed (m/s)

a)

PNS/PDFIR (-)

PSA/PDFIR ()

1.2 4

1.0

0.8 1

0.6 A1

0.4 -

0.2 1

0.0

1.0 1

0.8 A

0.6 1

0.4 1

0.2 1

0.0

TT- 2
sl z%%% g é%
o L |~ 1 : > s ~ 7
EReyes il
— i ;_:
L . T ! b) !
L
i/ 5
wzzzzzzz Field observations —?f % fé %; %
%=0.25 mm’ K- % a %
—— 3=0.50 mm’’'
— 2=1.00mm" *~ ]
T T T T ! ) * ? :
1 2 3 4 5 6 7 8 9 10

Wind speed (m/s)

Type of precipitation:
Drop Size Distribution
DSD

Ulbrich (1983)

N(d) =Nod€e-Ad

NO= scale parameter;
k= shape parameter;
A =slope parameter.




[State of the art: LTM for the evaluation of the RAINFALL underestimation }

“On the windinducedundercatchin rainfall measurement using CHaseda A Y dzf I 1 A 2 y & €
A. Cauteruccio, 2016.

RANS SST-k-omega CFD simulations

Re=f(vp-va) Lagrangian
U* () .
— i ‘ ‘ Tracking model
' 08 LTM
& Co=f(Rep)

Comparison between Folland and Khvorostyanov-Curry

100,0

Normalized magnitude of velocity, Uw=5m/s

From experimental data:

) 10,0
with

(ab) a=3,4024 —4— reg CD(KCO5)

Rep>400| cp=y,+ b+ Rep D213834
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Some results

Ulbrich (1983)
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State of the art: the aerodynamic rain gauges

“A Computational FluieDynamics assessment of the improveerformanceof aerodynamic rain gauges

Colli et al. 2018.

Traditional rain gauges with chimney and cylindrical shape

Aerodynamic rain
gauges are developed
to reduce the wind
effects on precipitation
measurement. These
shapes are a possible
alternative to the wind
shields.
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RANS SSTFdmega simulations

Non-dimensional vertical component of air velocity at the gauge collector level

Uw=2m/s
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{ CFD Simulations and WIND Tunnel measurements: J

Comparisorbetweendifferent instrument shapes

/ Tradltlonal rain gauges

~,.

Geonor T200B
welghmg rain gauge

CAE PMB25 tlpplng
bucket rain gauge

Shielded snow gauge

Aerodynamic rain gauges
EML tipping bucket rain gauge

Shield

Nipher gauge

Collector




DICCA/UNIGE Wind Tunnel facility

Dimension of the wind tunnel

Performance of the wind tunnel

Width [m]

Length [m]

Height [m]

Section test chamber [m?]
Length test chamber [m]
Ratio of contraction [-]
Diameter fan [-]

8

21

3.5
1.7x 1.35

8.8

Design speed test chamber [m/s] 30
Maximum speed test chamber [m/s] 40
Power required to 40 m/s kW] 100
Installed power kW] 132
Power factor [-] 0.774

«Cobra»

NO.3 m/s




{ CFD framework: }
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Some results
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TheSB300tipping bucket

el el e ke J

Vertical above the centre of the collector

[ > Wind tunnel —URANS 20 m/s|

Uw wind speed (inlet velocity) expressed in f: 10, 20,38 Hz
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The scalability observed from CFD simulation is confirmed by WT measurements

===) | Good agreement between WT measurements and CFD results




[Airflow around Kalyxrain gauge in uniform and turbulent bas#ows }

Geometry —
URANS SSTdmega simulations 5+ &
1) Uniform base-flow = mEEEw
T = +++ﬂi I P
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2) turbulent base-flow Mesh refined around the gauge, longitudinal section

Solid fence
upstream the
gauge to
generate the
turbulent flow

T
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Some results CFD flow fields

Uniform base flow Turbulent base flow

Normalizedaveragdlow velocity magnitudeandverticalcomponent

The turbulence base-flow velocity field and the updraft are lower than the uniform base flow case.

Wind tunnel setup




Some results
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Good agreement between WT measurements and CFD results




[ Further developments J

Better understanding of the role of turbulence on precipitation trajectories using LES simulations.

Evaluation of the influence of the base flow turbulence on the precipitation trajectories.

Use of a coupled approach to introduce the dispersed phase (liquid/solid particles) to evaluate the wind induced
under-catch.

Derive suitable correction curves for operational use.

A Validation of numerical results by means of wind tunnel flow measurements and CE field data.

T o To I

THANK YOU FOR YOUR ATTENTION!

for further information:
hitp://Wwww:precipitation-intensity.it

arianna.cauteruccio@edu.unige.it
luca.lanza@unige.it
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