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Introduction 
C u r r e n t l y o v e r 1 7 0 0 c i t i z e n w e a t h e r s t a 
t i o n s ( C W S ) a r e o b s e r v i n g a n d r e c o r d i n g 
t h e w e a t h e r a c r o s s t h e U K . Fo r c o m p a r i s o n , 
t h e M e t O f f i c e r u n s 2 5 0 o r so l a n d - s u r f a c e 
s t a t i o n s in its p r o f e s s i o n a l M e t e o r o l o g i c a l 
M o n i t o r i n g S y s t e m ( M M S ; G r e e n , 2 0 1 0 ) . 
T a p p i n g i n t o t h i s d e n s e n e t w o r k o f c i t i z e n 
o b s e r v a t i o n s c o u l d h a v e b e n e f i t s in m a n y 
a p p l i c a t i o n s . 

A C W S is d e f i n e d as a w e a t h e r s t a t i o n se t 
u p b y a m e m b e r o f t h e p u b l i c f o r w h o m t h e 
t e r m s w e a t h e r e n t h u s i a s t , v o l u n t e e r , h o b b y -
ist a n d a m a t e u r o b s e r v e r a r e f i t t i n g d e s c r i p -
t i o n s . C r u c i a l l y , t h e s e s t a t i o n s a re se t u p o u t 
o f p e r s o n a l i n t e r e s t (or, in s c h o o l s , f o r e d u 
c a t i o n a l p u r p o s e s ) r a t h e r t h a n b e c a u s e it is 
t h e o w n e r ' s j o b . I n c r e a s i n g l y t h e w e a t h e r 
s t a t i o n s b e i n g u s e d a r e c o n s u m e r a u t o -
m a t i c w e a t h e r s t a t i o n s , w h i c h a r e l o w c o s t 
a n d e a s y t o i n s t a l i . O n c e c o n n e c t e d t o a n 
i n t e r n e t e n a b l e d c o m p u t e r t h e y c a n a u t o -
m a t i c a l l y s u b m i t o b s e r v a t i o n s t o w e b s i t e s 
s u c h t h e M e t O f f i c e ' s w e a t h e r o b s e r v a t i o n s 
w e b s i t e ( W O W ; h t t p : / / w o w . m e t o f f i c e . g o v . 
uk/ ) , W e a t h e r U n d e r g r o u n d ( h t t p : / / w w w . 
w u n d e r g r o u n d . c o m ) o r t h e C i t i z e n W e a t h e r 
O b s e r v e r P r o g r a m ( C W O P ; h t t p : / / w w w . 
w x q a . c o m ) f o r s h a r i n g . M o s t u s e r s s u b m i t 
t h e i r o b s e r v a t i o n s a t s u b h o u r l y i n t e r v a l s , 
m o s t c o m m o n l y e v e r y 5 m i n . T h e m a j o r i t y 
o f C W S a r e l o c a t e d in t h e o w n e r ' s g a r d e n 
w i t h m o s t s t a t i o n s h e a v i l y c l u s t e r e d a r o u n d 
u r b a n a n d s u b u r b a n a r e a s . 

T h e h i g h t e m p o r a l a n d s p a t i a l r e s o l u t i o n 
o f t h e f r e e l y a v a i l a b l e C W S ' d a t a p o t e n t i a l l y 
l e n d s i t s e l f t o m a n y a p p l i c a t i o n s . T h e d a t a 
c o u l d b e f e d i n t o t h e d a t a a s s i m i l a t i o n 
s che rme o f a h i g h - r e s o l u t i o n w e a t h e r p r e-
d i c t i o n m o d e l , u s e d t o p o s t - p r o c e s s m o d e l 
o u t p u t , a n a l y s e d f o r u r b a n h e a t - i s l a n d s t u d -
ies ( S t e e n e v e l d et ai, 2 0 1 1 ; W o l t e r s a n d 
B r a n d s m a , 2 0 1 2 ) o r e v e n u s e d t o e s t i m a t e 
s n o w d e p t h s ( M u l l e r , 2 0 1 3 ) . 

U s i n g t h e C W S ' d a t a i n t h e a f o r e m e n -
t i o n e d a p p l i c a t i o n s r a i s e s c o n c e r n s a b o u t 

Ca l i b r a t i on issues - a C W S s e n s o r m a y 
n o t b e p e r f e c t l y c a l i b r a t e d . P e r h a p s it 
w a s b i a s e d b e f o r e i n s t a l l a t i o n , o r it h a s 
d r i f t e d o v e r t i m e . 

e r r o r s r e s u l t i n g f r o m t h e f i r s t t w o s o u r c e s , £ 
w h i c h w e c a l i i n s t r u m e n t a i e r r o r s . W e a l s o s-

5 
d i s c u s s h o w t h i s f i e l d s t u d y h a s h e l p e d us 7 

t o m o d e l t h e C W S b i a s . T h i s is v i t a l f o r q u a n - W 
t i f y i n g s u c h b i a s e s , a n d f o r s t r u c t u r i n g t h e 
f r a m e w o r k o f a q u a l i t y c o n t r o l s y s t e m t h a t 2 
e n a b l e s u s t o r e d u c e b i a s e s a n d c h a r a c t e r i s e <: 
r e s i d u a i u n c e r t a i n t y , a l l o w i n g p r i n c i p l e d u s e ^ 
o f C W S d a t a i n s c i e n t i f i c a p p l i c a t i o n s . z 

2. D e s i g n f l aws - o f t e n t h e d e s i g n o f a 
C W S m a k e s it s u s c e p t i b l e t o i n a c c u r a t e 
r e a d i n g s , p a r t i c u l a r l y d u r i n g c e r t a i n 
w e a t h e r c o n d i t i o n s . 

3. C o m m u n i c a t i o n a n d so f twa r e e r ro rs 
- c a n p r o d u c e g r o s s e r r o r s as w e l l as 
m i s s i n g d a t a . 

4. M e t a d a t a i ssues - i n c o m p l e t e o r i n a c 
c u r a t e m e t a d a t a m a k e d a t a i n t e r p r e t a -
t i o n d i f f i c u l t . 

5. R ep r e sen t a t i v i t y e r ro r - it is d i f f i c u l t 
t o a s s e s s w h e t h e r t h e C W S ' o b s e r v a 
t i o n s r e p r e s e n t a s c a l e s u i t a b l e f o r t h e 
a p p l i c a t i o n . 

H e r e w e p r e s e n t r e s u l t s f r o m a n i n t e r c o m -
p a r i s o n f i e l d s t u d y , w h e r e c o m m o n m o d e l s 
o f C W S a re c o l l o c a t e d a l o n g s i d e p r o f e s s i o n a l 
e q u i p m e n t , a l l o w i n g us t o b e g i n q u a n t i f y -
i n g t h e m a g n i t u d e o f t h e b i a s a n d g r o s s 

The field study 
A y e a r - l o n g i n t e r c o m p a r i s o n f i e l d s t u d y 
w a s p e r f o r m e d u s i n g s e v e n C W S c o l l o c a t e d 
a l o n g s i d e p r o f e s s i o n a l M e t O f f i c e e q u i p 
m e n t a t t h e U n i v e r s i t y o f B i r m i n g h a m ' s 
' W i n t e r b o u r n e N o . 2 ' s i t e ( F i g u r e 1). T h e 
s i t e , l o c a t e d i n E d g b a s t o n ( B i r m i n g h a m ) , 
is p a r t o f t h e M M S n e t w o r k s u b m i t t i n g 
m i n u t e - r e s o l u t i o n d a t a . T h e M e t O f f i c e 
i n s t r u m e n t s i n s t a l l e d a t t h e s i t e i n c l u d e a 
p l a t i n u m r e s i s t a n c e t h e r m o m e t e r (PRT) a n d 
a R o t r o n i c H y d r o c l i p , b o t h m o u n t e d w i t h i n 
a p a s s i v e l y v e n t i l a t e d S t e v e n s o n s c r e e n , a 
M u n r o R 1 0 0 s e r i e s 0 . 2 m m t i p p i n g - b u c k e t 
r a i n g a u g e a n d a K i p p a n d Z o n e n C M P 1 1 
p y r a n o m e t e r . T h e PRTs o f f e r g r e a t e r a c c u -
r a c y a l o n g w i t h a m o r e s t a b l e c a l i b r a t i o n 
i n c o m p a r i s o n w i t h t h e r m i s t o r s (Bur t , 2 0 1 2 ) : 
a l i s e v e n C W S w e t e s t e d u s e t h e r m i s t o r s . 

Figure 7. The Met Office's Winterbourne No. 2 weather station. The site includes sensors operated by 
the Met Office, the University of Birmingham, and the seven CWS being tested as part ofthis study. 75 
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Tab l e 1 

S u m m a r y o f f he s e v e n CWS tested as part of this field study. 
e 
.2 Station Station Station model Price" Software used Temporal Time until memory Rainfall 
"K manufacturer (approximate) to download resolution full at this temporal increment 
W 

-E 

ffl 
observations (min) resolution (days) (mm) 

> 
B 

V P 2 ( 1 ) D a v i s I n s t r u m e n t s V a n t a g e P r o 2 £890 W e a t h e r L i n k 10 18 0.2 
ai F A R S b 

* 
s 

V P 2 ( 2 ) C D a v i s V a n t a g e P r o 2 £890 W e a t h e r L i n k 10 18 0.2 
"a o o 

I n s t r u m e n t s FARS 

$ 
e 

V u e ( 1 ) D a v i s I n s t r u m e n t s V a n t a g e V u e £390 W e a t h e r L i n k 10 18 0.2 
se 

V u e ( 2 ) D a v i s I n s t r u m e n t s V a n t a g e V u e £390 W e a t h e r L i n k 1 0 18 0.2 

W M R 2 0 0 O r e g o n S c i e n t i f i c W M R 2 0 0 £350 V i r t u a l W e a t h e r 10 291 1.016 

d S t a t i o n 
z 
o W S 2 3 5 0 La C r a s s e W S 2 3 5 0 £100 H e a v y W e a t h e r 6 0 7 0 . 5 1 8 

I W H 1 0 8 0 F i n e O f f s e t d W H 1 0 8 0 £70 E a s y W e a t h e r 1 0 3 0 0.3 
in 
© a Pr ices inc lude a c c o m p a n y i n g software, but not m o u n t i n g accessories such as t r ipods . On l y the W M R 2 0 0 c o m e s w i th a m o u n t i n g po le as s tandard . 
-e 
• 

Prices inc lude VAT. 
re 
E b FARS stands for fan aspirated radiat ion sh ie ld . 

K T h e VP2(2) had been in the f ie ld for app rox ima te l y 1 year before insta l lat ion at W in t e rbou rne No. 2. A l i o ther stat ions were brand new. 
re a/ d F ine Offset manufac tu re this stat ion but it is f requent ly so ld unde r m a n y different b rand names i n c l ud ing M a p l i n , Watson, and A m b i e n t Weather. 

H e n c e f o r t h t h e s e r e f e r e n c e M e t O f f i c e 
i n s t r u m e n t s w i l l b e r e f e r r e d t o s i m p l y as 
' M M S ' . T h e M M S ' s i n s t r u m e n t s a re c a l i b r a t e d 
o n a r e g u l a r m a n a g e d c y c l e a n d a b i d e b y 
W o r l d M e t e o r o l o g i c a l O r g a n i s a t i o n ( W M O ) 
s t a n d a r d s ( W M O , 2 0 0 8 ) ; w e a s s u m e t h e r e -
f o r e t h a t t h e y c a n b e u s e d as a w e l l cha r-
a c t e r i s e d r e f e r e n c e a g a i n s t w h i c h t h e s e v e n 
C W S c a n b e v e r i f i e d . H o w e v e r , a l t h o u g h t h i s 
s i t e w i l l a c t as a g o o d r e f e r e n c e , t h e M M S ' s 
s t a t i o n s a r e n o t i m m u n e t o p r o b l e m s . Fo r 
e x a m p l e , p a s s i v e l y v e n t i l a t e d S t e v e n s o n 
s c r e e n s s u f f e r f r o m i n c r e a s e d u n c e r t a i n t y 
at l o w w i n d s p e e d s ( H a r r i s o n , 2 0 1 0 ) , w h i l e 
t i p p i n g - b u c k e t r a i n g a u g e s , s u c h as t h e 
M u n r o R 1 0 0 , c a n d i s p l a y b i a s e s w h e n v e r i 
f i e d a g a i n s t s t a n d a r d m a n u a l r a i n g a u g e s 
(Bur t , 2 0 1 2 ) . F o r t u n a t e l y , t h e M u n r o R 1 0 0 
w e u s e d r e a d j u s t + 1 . 1 % h i g h e r t h a n a M e t 
O f f i c e M K II ' f i v e - i n c h ' m a n u a l r a i n g a u g e 
a n d + 1 . 6 % h i g h e r t h a n a n o t h e r , n e w e r , 
M u n r o t i p p i n g - b u c k e t g a u g e , b o t h c o l l o 
c a t e d a t t h e s i t e . W i t h t h i s r e l a t i v e l y s m a l l 
b i a s a n d a v i r t u a l l y c o m p l e t e a n n u a l d a t a -
set w e c a n u s e its r e a d i n g s w i t h r e a s o n a b l e 
c o n f i d e n c e . T h e s i t e is s o m e w h a t s h e l t e r e d , 
a n d t h e r e f o r e u n s u i t a b l e f o r M e t O f f i c e 
w i n d m e a s u r e m e n t s , b u t f o r t u n a t e l y t h e 
U n i v e r s i t y o f B i r m i n g h a m m a i n t a i n s a se t 
o f i n s t r u m e n t s a t t h e s i t e , i n c l u d i n g a 7 m 
m a s t w i t h a n a n e m o m e t e r a n d w i n d v a n e 
m a n u f a c t u r e d b y V e c t o r I n s t r u m e n t s . T h e 
site 's s h e l t e r e d n a t u r e is s i m i l a r t o t h a t o f 
m a n y t h e C W S . T h e s t u d y t o o k p l a c e f r o m 1 
S e p t e m b e r 2 0 1 2 t o 31 A u g u s t 2 0 1 3 . H a v i n g 
e n v i s a g e d t h a t t h e t y p e a n d m a g n i t u d e o f 
t h e C W S ' b i a s w o u l d d e p e n d o n s y n o p t i c 
c o n d i t i o n s , w h i c h v a r y t h r o u g h t h e year , a 
f u l l y ea r ' s f i e l d s t u d y w a s u n d e r t a k e n . 

T h e s e v e n C W S c o m p r i s e d f i v e d i f f e r e n t 
m o d e l s o f w e a t h e r s t a t i o n , c h o s e n b e c a u s e 
t h e y a r e a m o n g t h e m o s t p o p u l a r a u t o m a t i c 

s t a t i o n s u s e d b y c i t i z e n o b s e r v e r s (Bel l et al., 
2 0 1 3 ) . D e t a i l s o f t h e s t a t i o n s a r e s u m m a -
r i s e d in T a b l e 1, w i t h i m a g e s o f t h e s e n s o r 
s u i t e s s h o w n i n F i g u r e 2. T h e t w o s t a t i o n s 
o f e a c h o f t h e D a v i s I n s t r u m e n t s ' V a n t a g e 
P r o 2 ( V P 2 ) a n d V a n t a g e V u e , a n d O r e g o n 
S c i e n t i f i c W M R 2 0 0 w e r e i n s t a l l e d , w i t h t h e 
a i m o f i d e n t i f y i n g b i a s e s a n d e r r o r s c o m m o n 
t o a p a r t i c u l a r m o d e l . T h e s e c o n d W M R 2 0 0 
w a s d e c o m m i s s i o n e d i n e a r l y N o v e m b e r 
2 0 1 2 w h e n its w i r e l e s s t r a n s m i s s i o n b e g a n 
t o i n t e r f e r e w i t h t h a t o f t h e f i r s t s t a t i o n . 
W e a r e c o n f i d e n t t h a t t h e r e w a s n e g l i g i b l e 
i n t e r f e r e n c e b e f o r e t h i s p o i n t . O n l y a s i n g l e 
F i n e O f f s e t W H 1 0 8 0 a n d La C r a s s e W S 2 3 5 0 
w e r e d e p l o y e d b e c a u s e o f f e a r s o f s i m i l a r 
i n t e r f e r e n c e . W i t h h i n d s i g h t , t h e L a C r a s s e 
i n s t r u m e n t s c o u l d h a v e u s e d w i r e d C o m m u 
n i c a t i o n s a n d J e n k i n s (2014 ) u s e d t w o F i n e 
O f f s e t d e v i c e s s i m u l t a n e o u s l y w i t h o u t i s s u e . 
L i k e m o s t C W S , e v e r y s t a t i o n c o m p r i s e d a n 
o u t d o o r s e n s o r s u i t e a n d a n i n d o o r e l e c -
t r o n i c c o n s o l e t o d i s p l a y a n d s t o r e t h e d a t a . 
O b s e r v a t i o n s w e r e d o w n l o a d e d f r o m t h e 
c o n s o l e t o a l a p t o p o n a w e e k l y b a s i s . A l i 
C W S ' a n d M M S ' s t e m p e r a t u r e a n d h u m i d i t y 
s e n s o r s w e r e m o u n t e d a p p r o x i m a t e l y 1 .5m 
a b o v e g r a s s . A l t h o u g h t h e r i m s o f t h e M M S ' s 
r a i n g a u g e s w e r e r o u g h l y 3 0 c m a b o v e g r a s s , 

t h e h e i g h t s o f t h e C W S ' g a u g e s w e r e s e t 
as r e c o m m e n d e d ih t h e i r m a n u a l s , r a n g i n g 
b e t w e e n 1 m f o r t h e W S 2 3 5 0 a n d W M R 2 0 0 
t o 1 . 5 - 2 m f o r t h e o t h e r C W S . 

Results 
T a b l e 2 s u m m a r i s e s s o m e k e y s t a t i s t i c s f r o m 
t h e y e a r - l o n g f i e l d s t u d y . B e l o w w e d i s c u s s 
e a c h w e a t h e r v a r i a b l e in t u r n , n a m e l y : a i r 
t e m p e r a t u r e , h u m i d i t y a n d d e w - p o i n t t e m 
p e r a t u r e , a n d r a i n f a l l . B e c a u s e p r e s s u r e 
v a r i a t i o n s a r e w e l l c a p t u r e d b y t h e M M S 
n e t w o r k , a n d C W S ' w i n d m e a s u r e m e n t s w i l l 
o f t e n b e t o o l o c a l i s e d f o r m o s t a p p l i c a t i o n s , 
t h e y a r e n o t e x a m i n e d i n d e t a i l . 

Temperature 

W h e n t h e a i r - t e m p e r a t u r e m e a s u r e m e n t s 
f r o m t h e s e v e n C W S w e r e v e r i f i e d a g a i n s t 
t h e M M S ' s m e a s u r e m e n t s t h e r e w e r e s i g n i f i -
c a n t b i a s e s ( Tab l e 2), w i t h c l e a r d i u r n a l a n d 
s e a s o n a l p a t t e r n s ( F i g u r e 3) . T h e p a t t e r n 
is d i c t a t e d b y t h e h o u r s o f d a y l i g h t , w i t h 
c h a n g e s in t h e m a g n i t u d e , a n d s o m e t i m e s 
t h e s i g n , o f t h e b i a s b e t w e e n d a y a n d n i g h t . 

T h e D a v i s V P 2 a n d V u e s t a t i o n s s h o w t h e 
c l o s e s t a g r e e m e n t w i t h t h e M M S ' s PRT, a l i 

Dav is O r e g o n Sc i en t i f i c Dav i s La C r a s s e F ine O f f se t 
V a n t a g e P r o 2 (VP2) W M R 2 0 0 V a n t a g e V u e W S 2 3 5 0 W H 1 0 8 0 

Figure 2. Citizen stations tested at the Winterbourne No.2 field site. 

A M B I M I 
Royal Meteorologica! Society 



T a b l e 2 

Key statistics from the field study over the period 1 September 2012 through to 31 August 2013, except for relative humidity and dew point, where the statistics represent the period 16 May 2013 to 
31 August 2013. The standard deviation of the difference is shown in parentheses next to the values of mean bias. 

Air temperature (°C) Relative humidity (%) Dew point (°C) MSLP0 (hPa) Rainfall 

Mean bias Mean bias Mean bias Mean bias Mean bias Mean bias Mean bias Mean bias Absolute and percentage 
(day and night) (day time0) (night time) (ali conditions) (wet conditions, >90%)c (dry conditions, difference from the MMS 

%90%Y yearly total of 842.4mm 

V P 2 ( 1 ) +0.2 (0.2) +0.1 (0.2) +0.3 (0.2) +2.7 (2.9) - 1 . 3 (1.2) +3.6 (2.3) +0.7 (0.6) +1.7 (0.3) - 8 3 . 4 m m ( - 9 . 9 % ) 

V P 2 ( 2 ) +0.2 (0.3) +0.1 (0.3) +0.3 (0.3) +0.4 (3.1) -2 .2 (3.1) +1.0 (2.7) +0.3 (0.5) +1.2 (0.3) + 9 4 . 8 m m ( + 1 1 . 3 % ) 

V u e ( 1 ) +0.1 (0.3) +0.2 (0.3) +0.1 (0.2) +2.7 (2.1) -0 .2 (0.9) +3.4 (1.7) +0.8 (0.7) +1.7 (0.6) - 2 2 . 6 m m ( - 2 . 7 % ) 

V u e ( 2 ) -0.1 (0.3) +0.0 (0.3) -0.2 (0.2) +3.9 (2.0) +1.1 (0.9) +4.5 (1.6) +0.8 (0.7) +2.9 (0.8) - 2 8 . 6 m m ( - 3 . 4 % ) 

W M R 2 0 0 +0.8 (1.3) +1.5 (1.4) +0.1 (0.4) - 1 1 . 0 (6.3) - 2 . 8 (4.1) - 1 2 . 8 (5.2) - 1 . 7 (1.4) +2.6 (1.5) - 4 3 . 8 m m ( - 5 . 2 % ) 

W S 2 3 5 0 +0.9 (2.3) +2.1 (2.5) -0 .5 (0.5) -1 .4 (5.2) -1 .3 (2.0) - 1 . 4 (5.7) +0.9 (1.4) +1.9 (1.1) - l O O . O m m ( - 1 1 . 9 % ) 

W H 1 0 8 0 +0.5 (0.9) +0.9 (1.0) +0.0 (0.3) +7.5 (3.2) +5.1 (1.9) +8.0 (3.1) +2.3 (1.3) +0.0 (0.7) - 2 0 3 . 4 m m ( - 2 4 . 1 % ) 

"W in te rbourne No. 2 site does not have MMS 's MSLP readings , instead obse rva t ions f r om the Coleshi l l M M S site 16km away were used . The CWS ' pressure readings were set to match the Co lesh i l l read ing at the 

start of the pe r iod , except for the W M R 2 0 0 stat ion for w h i c h the MSLP cor rec t ion is based u p o n the e levat ion the user enters into the e lec t ron ic conso le . 

b Here the de f in i t ion of day l igh t is w h e n the MMS 's g loba l radiat ion sensor reads greater than OWm 2, therefore n ight t i m e is w h e n the read ing is less than or equa l to OWrrr 2 . 

' As measu red by the MMS 's h u m i d i t y sensor. 
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(a) VP2(1) 
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Figure 3. Mean temperature bias at different hours of the day (UTC) and months of the year for three of the CWS tested. (a) Davis VP2(1), (b) Davis 
Vue(2) and (c) La Crosse WS2350. Note the change in the colour scale for the final plot. The values written in grey are the mean bias of each cell. 
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Figure 4. Time series plot of air temperature recorded by the seven CWS and the professional 
platinum resistance thermometer housed wìthin a Stevenson screen for 26 May 2013. A time series 
of MMS global radiation is shown in orange. 

r e m a i n i n g a t 1 0 0 % f o r s e v e r a l h o u r s if 
n o t d a y s ( F i g u r e 6) . T h e C W S ' o b s e r v a t i o n s 
w o u l d r a r e l y r e a d as h i g h as 1 0 0 % . T h i s 
e x p l a i n s t h e l a r g e n e g a t i v e b i a s e s s h o w n 
in F i g u r e 5 o v e r t h i s f i r s t p e r i o d . T h e sec-
o n d R o t r o n i c s H y d r o c l i p s h o w e d n o s u c h 
t e n d e n c y , e x h i b i t i n g a m u c h b e t t e r a g r e e 
m e n t w i t h a V a i s a l a h u m i d i t y s e n s o r r u n b y 
t h e U n i v e r s i t y o f B i r m i n g h a m at t h e s i t e . In 
a s e p a r a t e f i e l d s t u d y , I n g l e b y et al. ( 2013 ) 
f o u n d t h a t R o t r o n i c s H y d r o c l i p s e n s o r s 
t e n d t o d r i f t b y + 1 % t o + 2 % p e r y e a r a t 
M e t O f f i c e s i t es ( a l t h o u g h t h e r e is a l o t o f 
v a r i a b i l i t y ) a n d c a n b e s l o w t o r e c o v e r f r o m 
p e r i o d s s t u c k at s a t u r a t i o n . T h e y e s t i m a t e 
t h a t a n u n c e r t a i n t y o f 2 - 3 % f o r a n o p e r a -
t i o n a l R o t r o n i c s H y d r o c l i p is a c h i e v a b l e 
u n d e r b e s t c o n d i t i o n s . A s t h e f i r s t R o t r o n i c s 
H y d r o c l i p w a s d e e m e d t o h a v e d r i f t e d w e t , 
al i f o l l o w i n g s t a t i s t i c s a n d f i g u r e s f o r r e l a t i v e 
h u m i d i t y a n d d e w - p o i n t t e m p e r a t u r e w e r e 
p r o d u c e d u s i n g j u s t t h e s e c o n d R o t r o n i c s 
H y d r o c l i p as t h e r e f e r e n c e s e n s o r . 

Royal Meteorological Society 
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Figure 5. Time series ofthe Vue(l) stations relative-humidity bias, that is Vue(1) humidity - MMS 
humidity. 
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Figure 6. Relative humidity time series. Covers the period when the MMS's Rotronic Hydroclip was 
changed, as indicated by the red line. Note the addition ofthe University of Birmingham (UoB) 
Valsala humidity observations. 

D a t a f r o m t h e h u m i d i t y s e n s o r s o f t h e 
s e v e n C W S w e t e s t e d h a v e v e r y d i f f e r e n t 
p a t t e r n s t o t h e i r b i a s . T h e D a v i s V P 2 ( 1 ) , 
V u e ( 1 ) a n d V u e ( 2 ) s t a t i o n s a l i s h o w a w e t 
b i a s o v e r t h e m a j o r i t y o f t h e h u m i d i t y 
r a n g e ( F i g u r e 7). Fo r a l i t h r e e s t a t i o n s t h e 
m e a n b i a s is g r e a t e r t h a n 3 % u n d e r d r i e r 
c o n d i t i o n s ( less t h a n 9 0 % ) , b u t w h e n t h e 
h u m i d i t y is g r e a t e r t h a n 9 0 % t h e V P 2 ( 1 ) 
a n d V u e ( 1 ) e x h i b i t s m a l l d r y b i a s e s . T h e s e 
f i n d i n g s a g r e e w e l l w i t h t h o s e o f B u r t d u r -
i n g h i s r e v i e w o f t h e V P 2 (Bur t , 2 0 0 9 ) a n d 
V u e m o d e l ( Bur t , 2 0 1 3 ) . T h e V P 2 ( 2 ) b e h a v e s 
s l i g h t l y d i f f e r e n t l y : u n d e r d r i e r c o n d i t i o n s it 
d o e s n o t o v e r r e a d t o t h e s a m e d e g r e e as 
t h e o t h e r D a v i s s t a t i o n s , b u t it u n d e r r e a d s 
m o r e d u r i n g w e t c o n d i t i o n s , w i t h a g r e a t e r 
r e s i d u a i v a r i a n c e a c r o s s t h e w h o l e h u m i d 
i t y r a n g e . 

T h e W M R 2 0 0 u n d e r r e a d s a c r o s s t h e e n t i r e 
h u m i d i t y r a n g e , a n d d r a m a t i c a l l y s o i n d r i e r 
s i t u a t i o n s , w h e r e it e x h i b i t s a m e a n b i a s o f 

- 1 2 . 8 % . T h e W S 2 3 5 0 a l s o t e n d s t o w a r d s a 
d r y b i a s d u r i n g d r i e r s i t u a t i o n s , b u t w i t h a 
less e x t r e m e m e a n o f - 1 . 4 % . B e t w e e n 7 0 
a n d 9 0 % ( F i g u r e 7) t h i s s w i t c h e s t o a w e t 
b i a s . By c o n t r a s t , t h e W H 1 0 8 0 h a s a l a r g e 
w e t b i a s o v e r t h e e n t i r e h u m i d i t y r a n g e , 
w i t h a n o v e r a l l b i a s o f 7 . 5 % . 

A s w e a n t i c i p a t e d s o m e i n t e r a c t i o n o f 
t e m p e r a t u r e a n d r e l a t i v e - h u m i d i t y b i a s e s , 
w e a l s o c o n s i d e r e d d e w - p o i n t t e m p e r a t u r e . 
T h e m e a n d e w - p o i n t b i a s e s f o r a l i D a v i s s t a 
t i o n s w e r e w i t h i n 1 d e g C o f t h e M M S . In 
a g r e e m e n t w i t h o t h e r s t u d i e s t h a t f o u n d 
t h e V P 2 s t a t i o n m o n t h l y m e a n s m o s t l y 
w i t h i n 1 d e g C o f t h e r e f e r e n c e s e n s o r (Bur t , 
2 0 0 9 ) a n d V u e s t a t i o n r e a d i n g s t h a t w e r e 
a p p r o x i m a t e l y 1 d e g C t o o h i g h (Bur t , 2 0 1 3 ) , 
b o t h V u e s t a t i o n s i n t h i s s t u d y h a d a m e a n 
b i a s o f +0 .8 d e g C . T h e W S 2 3 5 0 , w i t h a m e a n 
b i a s o f 0.9 d e g C w a s a l s o w i t h i n 1 d e g C o f 
t h e M M S ' s s e n s o r , b u t w i t h a l a r g e r r e s i d u a i 
v a r i a n c e . T h e m e a n b i a s o f t h e W M R 2 0 0 

a n d W H 1 0 8 0 s t a t i o n s w a s m o r e s i g n i f i c a n t , 
a t - 1 . 8 d e g C a n d 2.3 d e g C r e s p e c t i v e l y 
( F i g u r e 8) . 

T h e d e w - p o i n t v a l u e s o f t h e C W S w e r e 
d e r i v e d b y t h e s t a t i o n ' s e l e c t r o n i c c o n s o l e , 
h o w e v e r , t h e d i f f e r e n c e d u e t o t h e i r u s e o f 
p o t e n t i a l l y d i f f e r e n t a l g o r i t h m s w a s v i r t u a l l y 
n e g l i g i b l e , n e v e r e x c e e d i n g 0 .02 d e g C . 

Rainfall 
F i g u r e 9 s h o w s a p l o t o f c u m u l a t i v e r a i n f a l l 
t h r o u g h o u t t h e y e a r - l o n g s t u d y . A l i b u t t h e 
V P 2 ( 2 ) s t a t i o n m e a s u r e d t o t a l s l ess t h a n t h e 
M M S ' s g a u g e . It is i n t e r e s t i n g t h a t o n e V P 2 f 
s t a t i o n o v e r r e a d w h e r e a s t h e o t h e r u n d e r - =? 

5 
r e a d , p a r t i c u l a r l y as t h e V P 2 m o d e l a l l o w s 7 

f o r c a l i b r a t i o n o f t h e t i p p i n g b u c k e t s u s i n g Ir 

a s c r e w u n d e r e a c h b u c k e t . B e f o r e i n s t a l i - =" 
kj 

i n g t h e V P 2 s t a t i o n s t h e y w e r e c a l i b r a t e d 2 

in t h e l a b o r a t o r y s o t h a t o n a v e r a g e b o t h <: 
r e a d w i t h i n 2 % o f t h e t r u t h . It is c u r i o u s t h a t , 
o n c e in t h e f i e l d , t h e y s h o u l d d e v i a t e f r o m ~ z 

t h e p r o f e s s i o n a l g a u g e b y a p p r o x i m a t e l y w 

1 0 % , a n d in d i f f e r e n t d i r e c t i o n s . W h e n B u r t 
(2009 ) t e s t e d a d i f f e r e n t V P 2 s t a t i o n a g a i n s t 
a s t a n d a r d ' f i v e - i n c h ' g a u g e h e f o u n d t h e 
a n n u a l t o t a l w a s j u s t 1 . 8 % h i g h e r , b u t t h e 
a g r e e m e n t w a s n o t c o n s i s t e n t , w i t h m o n t h l y 
d i f f e r e n c e s r a n g i n g f r o m - 1 0 % t o + 1 9 % . 

T h e D a v i s V u e s t a t i o n s s h o w a v e r y g o o d 
a g r e e m e n t w i t h t h e M M S ' s g a u g e a n d w i t h 
e a c h o t h e r , b o t h u n d e r c a t c h i n g b y l e s s 
t h a n 4 % . H o w e v e r , resu J t s b y B u r t ( 2 0 1 3 ) 
s h o w t h a t t h i s s l i g h t u n d e r c a t c h is n o t c o n 
s i s t e n t t h r o u g h o u t a l i V u e s t a t i o n s : as c o m -
p a r e d w i t h t h e s t a n d a r d ' f i v e - i n c h ' g a u g e 
t h e a n n u a l t o t a l o f t h e i r V u e s t a t i o n s w a s 
9 % t o o h i g h . T h e W M R 2 0 0 s h o w e d a rea-
s o n a b l e a g r e e m e n t , u n d e r c a t c h i n g b y j u s t 
5 . 2 % a t t h e e n d o f t h e p e r i o d . T h e W S 2 3 5 0 
a n d t h e W H 1 0 8 0 s t a t i o n s u n d e r c a t c h b y 
g r e a t e r a m o u n t s , w i t h a y e a r l y t o t a l o f 
j u s t 8 8 % a n d 7 6 % o f t h e M e t O f f i c e t o t a l 
r e s p e c t i v e l y . 

Parameterising station bias 
T h u s fa r w e h a v e s e e n t h a t a l i s e v e n C W S 
t e s t e d d i s p l a y s o m e s u b s t a n t i a l b i a s e s . In 
t h i s s e c t i o n w e a t t e m p t t o i d e n t i f y t h e fac-
t o r s d e t e r m i n i n g t h e s e b i a s e s , w i t h t h e a i m 
o f p a r a m e t e r i s i n g t h e m . 

Temperature 
T h e m o s t o b v i o u s p a t t e r n t o t h e t e m p e r a 
t u r e b i a s is t h e d i f f e r e n c e b e t w e e n d a y a n d 
n i g h t , a r e s u l t o f c h a n g e s in t h e r a d i a t i v e 
b a l a n c e . F o r t h e W M R 2 0 0 , W S 2 3 5 0 a n d 
W H 1 0 8 0 s t a t i o n s t h e m a i n d r i v e r o f t h e i r 
d a y t i m e w a r m b i a s is t h e s t r e n g t h o f i n c o m -
i n g s o l a r r a d i a t i o n . F i g u r e 1 0 s h o w s h o w 
t h e s e t h r e e C W S e x h i b i t a g r e a t e r w a r m 
b i a s w i t h i n c r e a s i n g l e v e l s o f s o l a r r a d i a 
t i o n . T h i s r e l a t i o n s h i p is l a r g e l y l i nea r , w i t h 
s o m e e v i d e n c e o f b i a s p l a t e a u i n g as g l o b a l 79 
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Figure 7. The CWS' versus MMS's relative humidity: (a) VP2(1), (b) WMR200, (c) WS2350 and (d) 
WH1080 stations. The darker the colour the greater the density of points. 
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Figure 8. The CWS' versus MMS's dew-point temperature: (a) WMR200 and (b) WH1080 stations. 
The darker the colour the greater the density of points. 

( d i r e c t + d i f f u s e ) r a d i a t i o n l e v e l s r e a c h t h e i r 
h i g h e s t l e v e l s . 

W i n d s p e e d a l s o a p p e a r s t o i n f l u e n c e 
t h i s r e l a t i o n s h i p . N o t e t h a t i n F i g u r e 11 t h e 
w a r m t e m p e r a t u r e b i a s o f t h e W M R 2 0 0 s t a 
t i o n d u r i n g h i g h s o l a r r a d i a t i o n c o n d i t i o n s 
is e x a c e r b a t e d w h e n t h e w i n d s p e e d is l o w . 

A l i o f t h e s t a t i o n s t e s t e d h a v e s o m e f o r m 
o f s h i e l d i n g t o g u a r d t h e i r t h e r m i s t o r f r o m 
d i r e c t s u n l i g h t . S u c h s h i e l d i n g s h o u l d a l s o 
a l l o w s u r r o u n d i n g a i r t o v e n t i l a t e t h r o u g h , 

b u t i t is a p p a r e n t t h a t s o m e s h i e l d s a r e 
m o r e e f f e c t i v e t h a n o t h e r s . T h e r m a l i m a g -
i n g ( F i g u r e 12) s h o w s t h a t t h e W M R 2 0 0 a n d 
W S 2 3 5 0 s t a t i o n s , w h i c h e x h i b i t t h e l a r g e s t 
b i a s e s u n d e r i n c r e a s e d g l o b a l r a d i a t i o n , 
e x h i b i t t h e w a r m e s t c o l o u r s o n t h e i r s h i e l d s . 
T h i s i l l u s t r a t e s t h a t t h e i r t h e r m i s t o r s h i e l d 
i n g is p r o n e t o o v e r h e a t i n g u n d e r s u n n y 
c o n d i t i o n s , w h i c h h e a t s t h e a i r i n s i d e t h e 
t h e r m i s t o r h o u s i n g , t h e r e b y i n c r e a s i n g t h e 
s e n s e d t e m p e r a t u r e . T h i s o v e r h e a t i n g is 

a l s o a f u n c t i o n o f v e n t i l a t i o n : t h e d e s i g n 
o f t h e s h i e l d s o f t h e W M R 2 0 0 a n d W S 2 3 5 0 
s t a t i o n s ( F i g u r e 2) m a k e s s u f f i c i e n t v e n t i 
l a t i o n d i f f i c u l t , s o t h a t t h e a i r w i t h i n t h e 
s h i e l d w a r m s , r a t h e r t h a n b e i n g r e f r e s h e d 
w i t h a m b i e n t a i r f r o m o u t s i d e t h e s h i e l d . 
T h e u p t u r n e d - p l a t e d e s i g n o f t h e W H 1 0 8 0 
s t a t i o n a l l o w s f o r b e t t e r v e n t i l a t i o n a n d is 
n o t i c e a b l y c o o l e r t h a n t h e W M R 2 0 0 a n d 
W S 2 3 5 0 s t a t i o n s . H o w e v e r , t h e b i a s s t i l i d i s-
p l a y s a r e l a t i o n s h i p w i t h g l o b a l r a d i a t i o n 
l e v e l s , p e r h a p s d u e t o i ts s m a l l s i z e a n d off-
w h i t e c o l o u r . J e n k i n s (2014 ) a l s o i d e n t i f i e d a 
r e l a t i o n s h i p w i t h s o l a r r a d i a t i o n f o r t h e t w o 
W H 1 0 8 0 s t a t i o n s in t h e i r s t u d y . 

T h e t w o D a v i s m o d e l s , t h e V P 2 a n d V u e , 
s h o w t h e c o o l e s t c o l o u r s i n t h e t h e r m a l 
i m a g e s , a n d t h e i r r e l a t i o n s h i p w i t h r a d i a t i o n 
is s o m e w h a t d i f f e r e n t . T h e V P 2 s t a t i o n s w e r e 
t h e o n l y m o d e l w e t e s t e d t h a t i n c l u d e d a 
f a n - a s p i r a t e d r a d i a t i o n s h i e l d ( FARS ) .The f a n 
is s o l a r p o w e r e d , a n d it is e v i d e n t in F i g u r e 
3 t h a t t h e V P 2 s t a t i o n h a s t h e l o w e s t b i a s 
d u r i n g t h e d a y w h e n t h i s f a n is a c t i v e . U n d e r 
s u n n y a n d c a i r n c o n d i t i o n s t h e a s p i r a t e d 
V P 2 s t a t i o n s p r o b a b l y p r o v i d e a b e t t e r e s t i 
m a t e o f t h e a i r t e m p e r a t u r e t h a n t h e pas-
s i v e l y a s p i r a t e d S t e v e n s o n s c r e e n s , w h i c h 
a r e p r o n e t o i n c r e a s e d u n c e r t a i n t y a t l o w 
w i n d s p e e d s ( H a r r i s o n , 2 0 1 0 ) . D u r i n g t h e 
n i g h t , w h e n t h e f a n is i n a c t i v e , v e n t i l a t i o n 
c a n o n l y o c c u r p a s s i v e l y , l e a d i n g t o a w a r m 
b i a s . T h e a l t e r e d s h i e l d d e s i g n , w h i c h i n c o r -
p o r a t e s a c t i v e v e n t i l a t i o n , h a s c o m p r o m i s e d 
t h e e f f e c t i v e n e s s o f t h e p a s s i v e v e n t i l a t i o n 
at n i g h t . It is r e a s s u r i n g t o s e e t h e s i m i l a r 
p e r f o r m a n c e o f t h e t w o V P 2 s t a t i o n s , p r o -
v i d i n g c o n f i d e n c e t h a t t h e p a r a m e t e r i s a t i o n 
w o u l d b e s i m i l a r f o r a l i s t a t i o n s o f t h i s t y p e . 

D a v i s ' s V u e s t a t i o n s a p p e a r t o h a v e a 
s t r o n g e r r e l a t i o n s h i p w i t h o u t g o i n g l o n g -
w a v e r a d i a t i o n t h a n s h o r t w a v e r a d i a t i o n . A s 
t h e V u e s t a t i on ' s r a d i a t i o n s h i e l d is m o u n t e d 
u n d e r n e a t h its m a i n b o d y it is w e l l s h i e l d e d 
f r o m i n c o m i n g s o l a r r a d i a t i o n , a l t h o u g h its 
e f f e c t i v e n e s s m a y b e c o m p r o m i s e d w h e n 
t h e s o l a r a n g l e is l o w . It is w h e n t h e l a n d 
s u r f a c e h a s w a r m e d a n d o u t g o i n g r a d i a t i o n 
p e a k s , a r o u n d m i d - a f t e r n o o n , t h a t t h e s t a 
t i o n s h o w s t h e g r e a t e s t w a r m b i a s ( F i g u r e 
3). U n f o r t u n a t e l y , l o n g w a v e r a d i a t i o n is n o t 
c o m m o n l y m e a s u r e d a t M M S ' s s t a t i o n s , s o 
a p r o x y v a r i a b l e m a y h a v e t o b e u s e d t o 
p a r a m e t e r i s e t h e V u e s t a t i o n ' s t e m p e r a t u r e 
b i a s . T h e b i a s i n t h e V u e s t a t i o n ' s t e m p e r a -
t u r e s d e m o n s t r a t e d a s t r o n g e r c o r r e l a t i o n 
w i t h g r a s s t e m p e r a t u r e t h a n w i t h g l o b a l 
r a d i a t i o n . 

S o f a r w e h a v e o n l y l o o k e d a t t h e c o r r e l a 
t i o n b e t w e e n s i m u l t a n e o u s C W S ' t e m p e r a 
t u r e b i a s a n d g l o b a l r a d i a t i o n m e a s u r e m e n t s . 
T h i s a s s u m e s t h a t t h e i m p a c t o f c h a n g e s 
i n r a d i a t i o n o n t h e t e m p e r a t u r e b i a s is 
i n s t a n t a n e o u s . W h e n a l a g g e d i m p a c t is 
c o n s i d e r e d t h i s c o r r e l a t i o n o f t e n i m p r o v e s . 
F o r e x a m p l e , f o r t h e W M R 2 0 0 , W S 2 3 5 0 
a n d W H 1 0 8 0 s t a t i o n s , a b e t t e r c o r r e l a t i o n 
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is f o u n d w h e n w e w e i g h t a s e l e c t i o n o f 
p r e v i o u s g l o b a l r a d i a t i o n m e a s u r e m e n t s 
e x p o n e n t i a l l y , w i t h r a d i a t i o n o b s e r v a t i o n s 
n e a r e r i n t i m e t o t h e t e m p e r a t u r e o b s e r v a -
t i o n w e i g h t e d m o r e h e a v i l y . T h e s t r e n g t h o f 
t h e c o r r e l a t i o n v a r i e s l i t t l e b e t w e e n u s i n g 
r a d i a t i o n o b s e r v a t i o n s s t r e t c h i n g b a c k j u s t 
3 0 o r 1 2 0 m i n - t h e k e y is t o c o n s i d e r a t 
l eas t s o m e p r e v i o u s o b s e r v a t i o n s . 

Humidity and dew point 
P a r a m e t e r i s i n g b i a s e s i n r e l a t i v e h u m i d 
i t y is a c h a l l e n g i n g t a s k . In g e n e r a l t h e r e 
a r e t w o m a i n s o u r c e s o f b i a s . F i rs t , t h e r e 
is t h e c a p a c i t i v e s e n s o r i tse l f . F i g u r e 7 (1:1 
p lo t s ) d e m o n s t r a t e d t h a t i n c o m p a r i s o n t o 
t h e M M S ' s s e n s o r t h e C W S h a v e p o t e n t i a l l y 
l a r g e c a l i b r a t i o n e r r o r s . T h e m a g n i t u d e a n d 
e v e n t h e s i g n o f t h e b i a s w i l l o f t e n c h a n g e 
d e p e n d i n g o n t h e h u m i d i t y . B ias m a y a l s o 
b e i n d u c e d f r o m h y s t e r e s i s , w h e n t h e s e n 
s o r e r e s p o n s e t o a c h a n g e i n h u m i d i t y v a r 
ies d e p e n d i n g o n w h e t h e r t h e h u m i d i t y is 

r i s i n g o r f a l l i n g . A s w i t h t h e M M S ' s R o t r o n i c s 
H y d r o c l i p , t h e s e C W S ' s e n s o r s m a y d r i f t o v e r 
t i m e , p o t e n t i a l l y b e c o m i n g m o r e b i a s e d 
t h e l o n g e r t h e y a r e in t h e f i e l d . T h e s e c o n d 
s o u r c e o f b i a s c o m e s f r o m t h e i n a d e g u a t e 
s h i e l d i n g o r h o u s i n g o f t h e s e n s o r , a n d is 
c l o s e l y r e l a t e d t o t h e s h i e l d i n g p r o b l e m s 
t h a t l e a d t o t e m p e r a t u r e b i a s e s . Fo r e x a m -
p l e if t h e s h i e l d i n g o v e r h e a t s , t h e a i r w i t h i n 
t h e s h i e l d w i l l a l s o w a r m , r e d u c i n g its r e l a 
t i v e h u m i d i t y , t h u s c a u s i n g a n a p p a r e n t d r y 
b i a s . A l t e r n a t i v e l y , if h u m i d i t y is f a l l i n g a f t e r 
a p e r i o d o f s a t u r a t e d c o n d i t i o n s , a p o o r l y 
v e n t i l a t e d s h i e l d m a y p r o l o n g t h e t i m e a 
s e n s o r r e a d s s a t u r a t e d . T r y i n g t o t e a s e a p a r t 
t h e t w o s o u r c e s o f e r r o r s o t h a t t h e y c a n b e 
p a r a m e t e r i s e d is v e r y d i f f i c u l t . 

F i g u r e 13 s h o w s a s e r i e s o f p l o t s f o r t h e 
W S 2 3 5 0 s t a t i o n t h a t c a n h e l p u s d e c i p h e r 
t h e s o u r c e o f i ts h u m i d i t y a n d d e w p o i n t 
b i a s . It is a p p a r e n t i n F i g u r e 13(a) t h a t 
t h e r e l a t i o n s h i p b e t w e e n t h e h u m i d i t y 
b i a s a n d t h e M M S ' s h u m i d i t y is s o m e w h a t 
u n c l e a r . F i g u r e 13(b) p l o t s t h e h u m i d i t y b i a s 

a g a i n s t t e m p e r a t u r e b i a s . T h e m a j o r i t y o f 
p o i n t s d i s p l a y a s l i g h t c o l d a n d w e t b i a s , 
h o w e v e r , t h e r e is a l o n g t a i l w h e r e w a r m f 
t e m p e r a t u r e b i a s e s a r e a s s o c i a t e d w i t h a « 
d r y h u m i d i t y b i a s . T h i s m a y b e c a u s e d b y 
i n c r e a s e d t e m p e r a t u r e s w i t h i n t h e s e n s o r <j> 
h o u s i n g , r e l a t i v e t o t h e s u r r o u n d i n g a ir . s-
B ias in t h e d e w - p o i n t t e m p e r a t u r e w i l l b e | 
i n h e r i t e d f r o m b o t h t h e h u m i d i t y b i a s a n d 
t h e t e m p e r a t u r e b i a s . U n s u r p r i s i n g l y F i g u r e 
13(c) s h o w s t h a t a w a r m t e m p e r a t u r e b i a s 
w i l l l e a d t o a s u b s e q u e n t w a r m d e w - p o i n t 
b i a s , h o w e v e r , t h e r e l a t i o n s h i p is n o t pe r-
f e c t l y l i nea r . A s e x p e c t e d t h e d e w p o i n t is 
t o o h i g h w h e n t h e h u m i d i t y is w e t b i a s e d . s 
H o w e v e r , it is a l s o t o o h i g h w h e n h u m i d - =» 
i t y is d r y b i a s e d , p e r h a p s b e c a u s e a w a r m 7 

t e m p e r a t u r e b i a s h a s n o t o n l y c a u s e d a s 
s u b s e q u e n t h i g h d e w - p o i n t b i a s b u t a l s o a =• 
d r y h u m i d i t y b i a s w h e n t h e s e n s o r h o u s i n g 2 

o v e r h e a t e d . It is w o r t h n o t i n g t h a t w e h a v e ^ 
c h o s e n t o p l o t j u s t o n e s t a t i o n h e r e : t h e '~ 
p l o t s f o r t h e o t h e r s t a t i o n s c a n l o o k v e r y ~ z 

d i f f e r e n t , f u r t h e r i n d i c a t i n g t h a t t h e p a r a m - ^ 
e t e r i s a t i o n s m u s t b e l e a r n t f o r e a c h o f t h e 
C W S s e p a r a t e l y . 

Rainfall 
S i x o f t h e s e v e n C W S t e s t e d d i s p l a y e d 
y e a r l y r a i n f a l l t o t a l s l o w e r t h a n t h e M M S ' s 
r a i n g a u g e . O n e e x p l a n a t i o n f o r t h i s c o u l d 
h a v e b e e n t h a t , a t 1 - 2 m a b o v e t h e g r o u n d , 
t h e C W S ' r a i n g a u g e s a r e m o u n t e d h i g h e r 
t h a n t h e M M S ' s g a u g e a t 3 0 c m , as s u c h t h e y 
e x p e r i e n c e h i g h e r w i n d s p e e d s , w h i c h c a n 
l e a d t o u n d e r c a t c h ( G u o et al., 2 0 0 1 ) . In t h i s 
s t u d y w e l o o k e d f o r a r e l a t i o n s h i p b e t w e e n 
w i n d s p e e d a n d t h e d a i l y C W S ' r a i n f a l l 
t o t a l s as a p r o p o r t i o n o f t h e d a i l y M M S ' s 
t o t a l . H o w e v e r , n o o b v i o u s r e l a t i o n s h i p 
w a s f o u n d , e i t h e r f o r a v e r a g e w i n d s p e e d 
t a k e n a t t i m e s o f m e a s u r e d r a i n f a l l , o r f o r 
d a i l y a v e r a g e w i n d s p e e d . M e a s u r e m e n t s 
f r o m b o t h t h e C W S ' s a n e m o m e t e r a n d t h e 
V e c t o r I n s t r u m e n t s a n e m o m e t e r , m o u n t e d 
a t 7 m , w e r e u s e d s e p a r a t e l y . P o s s i b l e 
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Figure 10. Temperature bias as a function of global radiation levels for the seven CWS tested. 
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Radiation (Wrrr 2) 
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Figure 11. The WMR200 station's temperature bias as function ofwind speed and global radia
tion. The mean bias for a given radiation (wind speed) bin for ali wind speeds (radiation levels) is 
shown along the bottom (right side). Here the number within each celi signifies the sample size. 
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Figure 12. Thermal images taken from the southwest by a Flir i5 thermal imaging camera on a 
sunny summer afternoon: (a) Stevenson screen and (b) VP2, (c) Vue, (d) WMR200, (e) WS2350 and 
(f) WH1080 stations. The colour-scale is consistent. The white (hot) part ofthe VP2 station evident 
in panel (b) is its block rain gauge. For help identifying the parts ofeach station, cross-reference 
with Figure 2, but be aware of the change in perspective. 
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e x p l a n a t i o n s f o r t h i s l a c k o f r e l a t i o n s h i p is 
t h a t t h e W i n t e r b o u r n e N o . 2 s i t e is r e l a t i v e l y 
s h e l t e r e d , w i t h a m e a n 7 m w i n d s p e e d o f 
l . ó m s " 1 a n d a m a x i m u m o f 1 0 . 2 m s _ 1 . T h e 
a n e m o m e t e r s o f t h e f o u r D a v i s i n s t r u m e n t s 
n e v e r r e a d a n y h i g h e r t h a n 5 m s " ' . It is p o s -
s i b l e t h a t t h e s e r e l a t i v e l y l o w w i n d s p e e d s 
d i d n o t c a u s e n o t i c e a b l e u n d e r c a t c h a n d 
t h a t t h e b i a s e s s e e n h a d a d i f f e r e n t s o u r c e . 
T h e M M S ' s g a u g e is d e e p w i t h s t e e p s i d e s 
t o p r e v e n t h e a v y r a i n f r o m b o u n c i n g o u t , 
w h i l e a l i C W S t e s t e d , b a r t h e V P 2 s , a r e m u c h 
s h a l l o w e r , p a r t i c u l a r l y t h e W S 2 3 5 0 a n d 

W H 1 0 8 0 . S u c h a d e s i g n m a k e s t h e m p r o n e 
t o u n d e r c a t c h d u e t o r a in d r o p s b o u n c i n g 
o u t , a n e f f e c t t h a t p o t e n t i a l l y o u t w e i g h s a n y 
i n f l u e n c e o f w i n d s p e e d s . 

E v e n b e f o r e d e p l o y i n g t h e C W S ' r a i n 
g a u g e s o u t d o o r s , t h e t i p p i n g b u c k e t s 
w i t h i n m a y b e p o o r l y c a l i b r a t e d p r o d u c -
i n g a b i a s s t r a i g h t o u t o f t h e b o x . T o t e s t 
t h i s , 5 0 0 m l o f w a t e r w a s s l o w l y d r i p p e d 
t h r o u g h e a c h r a i n g a u g e i n d o o r s . By d i v i d -
i n g t h e v o l u m e o f w a t e r b y t h e a r e a o f t h e 
g a u g e it is p o s s i b l e t o c a l c u l a t e t h e d e p t h 
o f r a i n ( in m m ) t h a t t h e s t a t i o n ' s c o n s o l e 

s h o u l d d i s p l a y ( O v e r t o n , 2 0 0 7 ) . D i f f e r e n c e s 
b e t w e e n e x p e c t e d a n d m e a s u r e d d e p t h 
w e r e as l a r g e as 1 3 % , w i t h m o s t s t a t i o n s 
u n d e r r e a d i n g . A c o r r e s p o n d i n g c o r r e c t i o n 
w a s t h e n a p p l i e d t o t h e y e a r l y c u m u l a t i v e 
r a i n f a l l t o t a l s . Fo r s o m e s t a t i o n s t h i s l e d t o 
a s m a l l i m p r o v e m e n t , b u t f o r o t h e r s t h e i r 
y e a r l y t o t a l w a s m a d e m u c h w o r s e . C l e a r l y 
o t h e r f a c t o r s a r e a t w o r k o u t d o o r s t h a t o u t -
w e i g h e r r o r s d u e t o p o o r c a l i b r a t i o n , p r o v e n 
b y t h e p o o r p e r f o r m a n c e o f t h e V P 2 s t a t i o n s 
in t h e f i e l d d e s p i t e b e i n g c a l i b r a t e d t o less 
t h a n 2 % e r r o r i n d o o r s . 

S o m e C W S ' r a i n f a l l b i a s , p a r t i c u l a r l y w h e n 
d e a l i n g w i t h d a i l y t o t a l s , c a n r e s u l t f r o m 
c o l d a n d s n o w y s y n o p t i c c o n d i t i o n s . T h e 
g a u g e s o f t h e C W S t e s t e d w e r e p r o n e t o 
f i l l i n g w i t h s n o w w h e n t h e M M S ' s g a u g e d i d 
n o t . T h i s r e s u l t e d in d e l a y e d t i p s w h e n t h e 
s n o w f i n a l l y m e l t e d . T h e t u n n e l e x i t h o l e o f 
t h e C W S ' g a u g e s w a s a l s o p r o n e t o f r e e z -
i n g o v e r , a g a i n c a u s i n g a d e l a y in r a i n f a l l 
r e a d i n g s . 

Using the results 
for modelling biases 
T h i s e x p e r i m e n t w a s n o t d e s i g n e d as a 
s t a n d - a l o n e p r o j e c t - t h e a i m w a s t o a i d t h e 
c o n s t r u c t i o n o f m o d e l s t h a t w i l l e s t i m a t e 
t h e b i a s a n d u n c e r t a i n t y a s s o c i a t e d w i t h 
C W S ' o b s e r v a t i o n s . H e r e w e d i s c u s s h o w 
k e y f i n d i n g s f r o m t h e f i e l d s t u d y i n f l u e n c e 
t h e s e m o d e l s o f i n s t r u m e n t a i b i a s . 

AH o f t h e C W S w e t e s t e d e x h i b i t e d a 
r e l a t i o n s h i p b e t w e e n t e m p e r a t u r e b i a s a n d 
t h e l e v e l s o f g l o b a l s o l a r r a d i a t i o n . T h e r e l a 
t i o n s h i p v a r i e d d e p e n d i n g o n t h e m o d e l o f 
s t a t i o n , s o i d e a l l y w e w o u l d l i k e t o l e a r n 
t h i s r e l a t i o n s h i p f o r e a c h i n d i v i d u a i s t a t i o n 
t y p e o v e r t i m e . In o r d e r t o d o t h i s w e w o u l d 
r e q u i r e a n e s t i m a t e o f t h e s o l a r r a d i a t i o n a t 
t h e l o c a t i o n o f a l i C W S in t h e c o u n t r y . 

F i g u r e 14 d e m o n s t r a t e s t h a t w i t h a re l i-
a b l e e s t i m a t e o f t h e g l o b a l s o l a r r a d i a t i o n 
l e v e l , as is a v a i l a b l e a t t h e t e s t s i t e , it is 
r e l a t i v e l y s i m p l e t o c o r r e c t t h e t e m p e r a t u r e 
o b s e r v a t i o n s . H e r e w e u s e d a s i m p l e m u l t i 
p l e l i n e a r r e g r e s s i o n m o d e l i n w h i c h r a d i a 
t i o n , w i n d s p e e d a n d a n i n t e r a c t i o n t e r m 
w e r e u s e d as p r e d i c t o r s o f t h e t e m p e r a t u r e 
b i a s , w i t h r a d i a t i o n p r o v i d i n g m o s t p r e d i c -
t i v e p o w e r . W h e n t h e t e m p e r a t u r e b i a s p r e-
d i c t i o n w a s u s e d t o c o r r e c t t h e o b s e r v a t i o n s 
t h e r e w a s a r e d u c t i o n i n t h e m e a n b i a s a n d 
r e s i d u a i v a r i a n c e f o r a l i t h e C W S . S o m e t i m e s 
t h i s i m p r o v e m e n t w a s m a r g i n a i , f o r e x a m -
p l e , f o r t h e D a v i s s t a t i o n s , b u t f o r s t a t i o n s 
t h a t e x h i b i t e d l a r g e r a d i a t i o n b i a s e s , s u c h 
as t h e W S 2 3 5 0 , t h e i m p r o v e m e n t w a s l a r g e . 
A s p r e v i o u s l y m e n t i o n e d , t h e i n f l u e n c e 
o f r a d i a t i o n o n t e m p e r a t u r e b i a s is o f t e n 
l a g g e d , s o i n c o r p o r a t i n g p r e v i o u s r a d i a t i o n 
o b s e r v a t i o n s u s i n g a n e x p o n e n t i a l w e i g h t -
i n g w o u l d i m p r o v e o u r c o r r e c t i o n f u r t h e r . 

W e a l s o s a w t h a t t e m p e r a t u r e b i a s c a n 
r e s u l t f r o m p o o r l y c a l i b r a t e d s e n s o r s , a s 
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Figure 13. Plots ofthe relationship between temperature, humidity and dew point, and their biases 
for the La Crosse WS2350 station. The darker the colour the higher the density of points. 

w i t h t h e V u e ( 2 ) s t a t i o n , w h i c h d i s p l a y e d a 
n i g h t - t i m e c o o l b i a s o f a r o u n d - 0 . 2 d e g C . 
W e c a n q u a n t i f y t h i s c a l i b r a t i o n b i a s u n d e r 
c o n d i t i o n s w h e n t h e b i a s p r o d u c e d b y 
f a c t o r s s u c h as r a d i a t i o n a n d w i n d s p e e d 
is m i n i m a l , f o r e x a m p l e a t n i g h t u n d e r 
c l o u d y , b r e e z y c o n d i t i o n s . 

T h e f i e l d s t u d y h a s r e i n f o r c e d t h a t r e l a t i v e 
h u m i d i t y is a d i f f i c u l t v a r i a b l e t o m e a s u r e , 

f o r b o t h C W S a n d M M S ' s s t a t i o n s . A s t h e 
M M S n e t w o r k h a s i ts o w n b i a s t h a t c a n 
s l o w l y d r i f t o r s u d d e n l y j u m p , i t is c l e a r 
t h a t t h i s n e t w o r k m a y h a v e t o u n d e r g o its 
o w n q u a l i t y c o n t r o l p r o c e d u r e s . A n e t w o r k 
o f m o r e a c c u r a t e s e n s o r s , s u c h as c h i l l e d 
m i r r a r h y g r o m e t e r s t h a t m e a s u r e d e w - p o i n t 
t e m p e r a t u r e d i r e c t l y , c o u l d h e l p a n c h o r t h e 
M M S n e t w o r k a n d in t u r n t h e C W S n e t w o r k , 

a l t h o u g h s u c h a n e t w o r k m a y p r o v e d i f 
f i c u l t t o k e e p i n g o o d o p e r a t i o n a l c o n d i -
t i o n . I n c o r p o r a t i n g r e l a t i v e h u m i d i t y i n t o 
o u r p r e d i c t i v e m o d e l w i l l a l s o b e d i f f i c u l t . 
W i t h a n u p p e r l i m i t c a p p e d a t 1 0 0 % , it c a n 
p r o d u c e n o n - G a u s s i a n e r r o r s . C o n v e r t i n g 
r e l a t i v e h u m i d i t y i n t o o t h e r v a r i a b l e s t h a t 
r e p r e s e n t a i r m o i s t u r e , s u c h as d e w - p o i n t 
t e m p e r a t u r e , m a y p r o v i d e a s o l u t i o n t o t h i s . 
W e h a v e s h o w n e x a m p l e s w h e r e r e l a t i v e -
h u m i d i t y a n d d e w - p o i n t b i a s e s a r e d e p e n d -
e n t o n t e m p e r a t u r e b i a s , s o it is i m p o r t a n t 
t h a t w e m o d e l t h e m o i s t u r e v a r i a b l e j o i n t l y 
w i t h t e m p e r a t u r e a n d its b i a s . 

T h e C W S a r e u s u a l l y g o o d a t c a p t u r i n g 
t h e i n t e n s i t y a n d t i m i n g o f r a i n f a l l e v e n t s , 
b u t t h e i r l o n g - t e r m c u m u l a t i v e t o t a l c a n 
d i f f e r f r o m p r o f e s s i o n a l g a u g e m e a s u r e 
m e n t s s i g n i f i c a n t l y . U s i n g t h e M M S ' s g a u g e 
as o u r b e s t e s t i m a t e o f t h e t r u t h , F i g u r e 15 
s h o w s t h a t b y i d e n t i f y i n g t h e r e l a t i o n s h i p 
b e t w e e n t h e M M S ' s a n d C W S ' c u m u l a t i v e 
r a i n f a l l t i m e s e r i e s w e c a n c o r r e c t t h e C W S ' 
t i m e s e r i e s t o fa l l i n l i n e w i t h t h a t o f t h e 
M M S . T h i s w o r k s w e l l b e c a u s e , f o r t h e C W S 
t e s t e d h e r e , t h e p r o p o r t i o n o f u n d e r c a t c h 
or o v e r c a t c h t e n d e d t o r e m a i n r e l a t i v e l y 
Constant t h r o u g h t i m e , t h e r e b y a l l o w i n g 
f o r a c o r r e c t i o n t o b e l e a r n t f r o m p r e c e d -
i n g d a t a . In r ea l i t y , a M M S g a u g e w i l l n o t b e 
c o l l o c a t e d a l o n g s i d e a l i C W S , i n w h i c h c a s e 
o b s e r v a t i o n s m u s t b e c a r e f u l l y i n t e r p o l a t e d 
f r o m n e a r b y p r o f e s s i o n a l g a u g e s , f o r e x a m 
p l e , f r o m t h e M M S o r E n v i r o n m e n t a l A g e n c y 
n e t w o r k s . E f f e c t i v e l y m e r g i n g r a d a r a c c u -
m u l a t i o n d a t a w i t h t h i s g a u g e d a t a c o u l d 
i m p r o v e t h e i n t e r p o l a t i o n ( D e G a e t a n o a n d 
W i l k s , 2 0 0 9 ) , w h i c h s h o u l d i m p r o v e C W S ' 
l o n g - t e r m t o t a l s , w h i l e k e e p i n g t h e d e t a i l 
o f i n d i v i d u a i a n d i s o l a t e d r a i n f a l l e v e n t s 
c a p t u r e d b y t h e C W S . 

W e h a v e s e e n e x a m p l e s w h e r e t w o s t a 
t i o n s o f a p a r t i c u l a r m o d e l e x h i b i t v e r y 
s i m i l a r b i a s e s , f o r e x a m p l e t h e t e m p e r a t u r e 
m e a s u r e m e n t s o f t h e t w o V P 2 s , a l t h o u g h 
i d e a l l y w e w o u l d h a v e t e s t e d a t l e a s t t h r e e 
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Figure 14. Demonstration of correcting CWS' temperature bias using a multiple linear regression model. The figure shows a histogram of the WS2350 
station's temperature bias before and after the correction, along with a scatter plot of a sample of its observations overlaid with a grid of the learnt 
model. The data were randomly split in half to form the training and test datasets. 83 
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Figure 15. Plot of cumulative rainfall totals from the MMS's and seven CWS' gauges. The cumu
lative rainfall values (available every 10 min) for ali CWS were corrected using the relationship 
between their cumulative rainfall and that of the MMS's gauge; learnt from preceding data only. 

o f e a c h m o d e l t o g i v e h i g h e r c o n f i d e n c e in 
t h e c o n s i s t e n c y . S t a t i o n m e t a d a t a b e c o m e s 
v e r y v a l u a b l e w h e n it c o n t a i n s d e t a i l s s u c h 
as s t a t i o n t y p e , p r o v i d i n g p r i o r i n f o r m a t i o n 
a b o u t t h e b i a s w e w o u l d e x p e c t t o s e e . 
H o w e v e r , as n o t i c e d b y J e n k i n s (2014 ) , t h i s 
s t u d y a l s o s h o w e d e x a m p l e s w h e n s t a t i o n s 
o f t h e s a m e m o d e l a c t u a l l y d i s p l a y e d v e r y 
d i f f e r e n t b i a s e s (e .g. t h e V P 2 s t a t i o n s ' r a i n 
fa l l o r t h e Vue (2 ) ' s n i g h t - t i m e c o l d b i a s n o t 
e v i d e n t in t h e Vue (1 ) ) . W i t h i n t h e fu l l C W S 
n e t w o r k a l i C W S w i l l h a v e a d i f f e r e n t s i t i n g , 
e x p o s u r e a n d l e v e l o f c a l i b r a t i o n a n d m a i n -
t e n a n c e . E a c h c a n i n t r o d u c e b i a s e s u n i q u e 
t o a p a r t i c u l a r s i t e . Fo r t h e s e r e a s o n s o u r 
s t u d y is o n l y r e p r e s e n t a t i v e o f t h e b i a s e s in 
t h e n e t w o r k u p t o a p o i n t . 

T h i s s t u d y h a s s h o w n e x a m p l e s o f h o w w e 
c a n c o r r e c t t h e b i a s in o n e v a r i a b l e b y e v a l u -
a t i n g i ts r e l a t i o n s h i p w i t h o t h e r v a r i a b l e s . It 
is i m p o r t a n t t h a t t h e s e r e l a t i o n s h i p s r e m a i n 
s m o o t h t h r o u g h t i m e w h i l e s t i l i b e i n g a b l e 
t o a d a p t a n d u p d a t e . If, f o r e x a m p l e , w e 
l e a r n t h a t a s t a t i o n h a s a s i g n i f i c a n t w a r m 
b i a s u n d e r s u n n y c o n d i t i o n s , w e c a n u s e 
t h i s t o c o r r e c t t h e t e m p e r a t u r e o b s e r v a t i o n s 
o n f u t u r e s u n n y d a y s . H o w e v e r , t h e r a d i a 
t i o n s h i e l d i n g m a y d e t e r i o r a t e w i t h t i m e , 
g r a d u a l l y e x a c e r b a t i n g t h e w a r m r a d i a t i o n 
b i a s e s ( L o p a r d o et al., 2 0 1 3 ) . T h i s n e w r e l a 
t i o n s h i p w i l l n e e d t o b e l e a r n t . T h e p r e s e n c e 
o f m i s s i n g d a t a a n d g r o s s e r r o r s m u s t a l s o 
b e a c c o u n t e d f o r i n a n y f u t u r e w o r k . 

Conclusion 
T h e s p a t i a l a n d t e m p o r a l d e n s i t y o f d a t a 
f r o m t h e C W S n e t w o r k is a p p e a l i n g , a n d 
m a y i d e n t i f y w e a t h e r p h e n o m e n a t h a t 
s p a r s e r p r o f e s s i o n a l n e t w o r k s c a n n o t . 
H o w e v e r , a s t h i s f i e l d s t u d y h a s s h o w n 

C W S ' d a t a c a n c o n t a i n s i g n i f i c a n t i n s t r u -
m e n t b i a s e s . A n y a p p l i c a t i o n o f C W S ' d a t a 
w i l l r e q u i r e a q u a l i t y c o n t r o l s y s t e m c a p a b l e 
o f n o t o n l y r e m o v i n g g r o s s e r r o r s b u t a l s o 
c o r r e c t i n g i n s t r u m e n t b i a s , w h i l e p r o v i d i n g 
a n u n c e r t a i n t y e s t i m a t e . M u c h o f t h e b i a s 
c a n b e p a r a m e t e r i s e d a n d t h u s l e a r n t a n d 
c o r r e c t e d for , b u t as b i a s e s a re o f t e n u n i q u e 
t o a n i n d i v i d u a i s t a t i o n t h e y s h o u l d p r i m a -
r i ly b e l e a r n t b y u s i n g t h e C W S ' d a t a w h i l e 
p o t e n t i a l l y v a r y i n g i n t i m e . Q u a n t i f y i n g a 
s t a t i o n ' s b i a s w i l l r e l y o n o b t a i n i n g a r e l i a b l e 
e s t i m a t e o f t h e w e a t h e r at C W S ' l o c a t i o n s 
a g a i n s t w h i c h w e c a n b e g i n t o v e r i f y t h e 
C W S ' o b s e r v a t i o n s , a n d t h i s is t h e s u b j e c t 
o f o u r f u t u r e w o r k . T h i s w i l l a t t e m p t t o d i s-
e n t a n g l e i n s t r u m e n t b i a s e s f r o m t h e n a t u r a i 
s p a t i a l v a r i a t i o n s t h a t w e w i s h t o c a p t u r e . 
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