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recogn�zes	the	super�or	ach�evements	of	eng�neers.	Dr.	charles	M.	Vest	�s	pres�dent	
of	the	nat�onal	Academy	of	eng�neer�ng.

the	 Institute of Medicine	 was	 establ�shed	 �n	 1970	 by	 the	 nat�onal	Academy	 of	
sc�ences	to	secure	the	serv�ces	of	em�nent	members	of	appropr�ate	profess�ons	�n	
the	exam�nat�on	of	pol�cy	matters	perta�n�ng	to	the	health	of	the	publ�c.	the	Inst�-
tute	acts	under	the	respons�b�l�ty	g�ven	to	the	nat�onal	Academy	of	sc�ences	by	�ts	
congress�onal	charter	to	be	an	adv�ser	to	the	federal	government	and,	upon	�ts	own	
�n�t�at�ve,	to	�dent�fy	�ssues	of	med�cal	care,	research,	and	educat�on.	Dr.	Harvey	V.	
F�neberg	�s	pres�dent	of	the	Inst�tute	of	Med�c�ne.

the	National Research Council	was	organ�zed	by	 the	nat�onal	Academy	of	 sc�-
ences	�n	1916	to	assoc�ate	the	broad	commun�ty	of	sc�ence	and	technology	w�th	the	
Academy’s	purposes	of	further�ng	knowledge	and	adv�s�ng	the	federal	government.	
Funct�on�ng	�n	accordance	w�th	general	pol�c�es	determ�ned	by	the	Academy,	the	
counc�l	has	become	the	pr�nc�pal	operat�ng	agency	of	both	the	nat�onal	Academy	
of	sc�ences	and	the	nat�onal	Academy	of	eng�neer�ng	�n	prov�d�ng	serv�ces	to	the	
government,	the	publ�c,	and	the	sc�ent�fic	and	eng�neer�ng	commun�t�es.	the	counc�l		
�s	adm�n�stered	jo�ntly	by	both	Academ�es	and	the	Inst�tute	of	Med�c�ne.	Dr.	Ralph	J.	
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Preface

every	2	or	3	years,	 the	nat�onal	Research	counc�l’s	Board	on	Atmo-
spher�c	sc�ences	and	cl�mate	(BAsc)	conducts	a	summer	study	workshop	
on	a	subject	selected	by	BAsc	as	top�cal	and	�mportant.	the	subject	of	the	
2009	BAsc	summer	study	workshop	was	“Progress	and	Pr�or�t�es	of	U.s.	
Weather	Research	and	Research-to-operat�ons	Act�v�t�es.”	About	50	experts	
�n	var�ous	aspects	of	weather	research	and	operat�ons	jo�ned	the	e�ght	com-
m�ttee	members	and	BAsc	staff	for	2	full	days	of	presentat�ons,	d�scuss�on,	
and	debate;	Append�x	e	conta�ns	the	workshop	agenda,	and	Append�x	F	l�sts	
the	workshop	part�c�pants.	the	workshop	prov�ded	a	foundat�on	of	�deas	and	
�nformat�on	for	th�s	report.	to	bu�ld	upon	the	�nformat�on-gather�ng	work-
shop,	the	comm�ttee	held	three	�n-person	meet�ngs	and	several	teleconfer-
ences	and	undertook	add�t�onal	study	to	elaborate	on	many	of	the	find�ngs	
and	quest�ons	from	the	workshop.	th�s	report	has	been	peer-rev�ewed	and	
conta�ns	recommendat�ons	that	are	pr�mar�ly	addressed	to	the	sponsor�ng	
federal	agenc�es.1	However,	v�rtually	all	of	 the	e�ght	major	recommenda-
t�ons	are	also	germane	to	the	academ�c	commun�ty	and	the	pr�vate	sector.	
In	add�t�on	to	spec�fic	research	and	trans�t�onal	research-to-operat�ons	(R2o)	
aspects	of	the	recommendat�ons,	there	are	also	numerous	references	to	the	
need	to	ma�nta�n,	create,	and	nour�sh	effect�ve	partnersh�ps	among	the	pub-
l�c,	pr�vate,	and	academ�c	sectors.	th�s	�s	espec�ally	the	case	w�th	regard	to	
trans�t�on�ng	research	find�ngs	�nto	operat�ons,	but	�t	appl�es	as	well	to	many	
of	 the	 research	needs	 �dent�fied	 �n	 the	study.	Fully	 real�z�ng	 the	potent�al	
for	vastly	�mproved	weather	knowledge,	�nformat�on,	and	forecasts	requ�res	
close	collaborat�on	among	all	three	sectors	of	the	weather	enterpr�se	�n	the	
Un�ted	states.	our	nat�on	has	 the	advantage	of	hav�ng	 the	most	soph�st�-
cated	and	well-developed	pr�vate	weather	sector	�n	the	world,	and	th�s	w�ll	

1	th�s	study	was	organ�zed	by	the	nat�onal	Research	counc�l	w�th	fund�ng	from	the	nat�onal	
Aeronaut�cs	and	space	Adm�n�strat�on,	the	nat�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on,	
and	the	nat�onal	sc�ence	Foundat�on.
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a�d	us	�n	real�z�ng	that	potent�al	more	qu�ckly	and	effect�vely.	the	strength	
of	the	domest�c	pr�vate	weather	sector	�s	�n	large	part	a	consequence	of	�ts	
�nteract�ons	w�th	the	federal	agenc�es	and	academ�a.	the	comm�ttee	hopes	
that	th�s	report	w�ll	prov�de	readers	w�th	an	even	greater	apprec�at�on	of	the	
value	of	the	�nteract�ons	and	feedbacks	among	the	three	sectors.

th�s	report	�s	not	a	comprehens�ve	assessment	of	the	state	of	U.s.	weather	
research	and	the	trans�t�on	of	research	find�ngs	and	products	�nto	operat�ons	
but	�nstead	�s	a	snapshot	of	the	weather	commun�ty	as	gauged	by	the	work-
shop	part�c�pants	and	the	study	comm�ttee.	Further,	the	report	does	not	seek	
to	address	 �mportant	 �ssues	un�quely	related	to	cl�mate	research	nor	does	
�t	touch	on	�ntra-	and	�nteragency	organ�zat�onal	procedures	and	pract�ces.	
Instead,	 the	 report	puts	 forth	 the	comm�ttee’s	best	 judgment	on	 the	most	
press�ng	h�gh-level,	weather-focused	 research	challenges	and	R2o	needs	
and	 makes	 correspond�ng	 recommendat�ons.	 these	 are	 made	 perta�n�ng	
to	a	broad	set	of	ongo�ng	or	“establ�shed”	�ssues	that	�nclude	observat�ons,	
global	nonhydrostat�c	model�ng,	data	ass�m�lat�on,	probab�l�st�c	forecast�ng,	
quant�tat�ve	prec�p�tat�on	and	hydrolog�c	forecast�ng,	and	pred�ctab�l�ty.	the	
report	also	�dent�fies	three	�mportant,	“emerg�ng”	�ssues—very	h�gh	�mpact	
weather,	urban	meteorology,	and	renewable	energy	development—that	were	
not	�dent�fied	(or	were	largely	undervalued)	�n	prev�ous	stud�es.

the	comm�ttee	could	not	have	done	�ts	work	w�thout	the	profess�onal	
and	colleg�al	support	of	the	BAsc	staff	throughout.	they	organ�zed	the	sum-
mer	workshop	on	very	short	not�ce,	served	as	reporters	and	part�c�pants	�n	
the	workshop’s	 small-group	d�scuss�ons,	managed	 the	 var�ous	 comm�ttee	
meet�ngs,	and	took	care	of	the	many	�mportant	deta�ls	�n	organ�z�ng	th�s	re-
port.	the	comm�ttee’s	s�ncere	thanks	and	acknowledgment	are	gratefully	ex-
tended	to	Dr.	Magg�e	Walser,	Assoc�ate	Program	officer;	Dr.	toby	Warden,	
Program	officer;	Dr.	curt�s	Marshall,	sen�or	Program	officer;	Ms.	Lauren	
Brown,	Research	Ass�stant;	Ms.	R�ta	Gask�ns,	Adm�n�strat�ve	coord�nator;	
and	Ms.	Jane�se	sturd�vant,	Program	Ass�stant.	the	comm�ttee	also	thanks	
all	of	the	�nv�ted	experts	who	gave	so	freely	of	the�r	t�me	and	part�c�pated	
�n	the	summer	workshop	(please	refer	to	Append�xes	e	and	F)	and	extends	
spec�al	apprec�at�on	 to	Dr.	Alexander	“sandy”	MacDonald,	D�rector,	na-
t�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on,	office	of	ocean�c	and	At-
mospher�c	Research,	earth	systems	Research	Laboratory	(esRL),	who	could	
not	attend	the	summer	workshop	but	�nstead	made	a	presentat�on	on	esRL	
research	 perspect�ves	 at	 the	 comm�ttee’s	 october	 6–7,	 2009,	 meet�ng	 �n	
Boulder,	colorado.	Last,	the	comm�ttee	extends	�ts	thanks	and	apprec�at�on	
to	the	experts	who	rev�ewed	the	draft	of	th�s	report.	the�r	comments	were	
most	�ns�ghtful	and	extremely	helpful.
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For	my	part,	th�s	has	been	a	reward�ng	exper�ence	to	have	worked	w�th	
and	learned	from	so	many	who	are	so	obv�ously	devoted	to	our	sc�ence	and	
what	�t	can	do	for	human�ty.

Walter	F.	Dabberdt,	Chair
comm�ttee	on	Progress	and	Pr�or�t�es
of	U.s.	Weather	Research	and
Research-to-operat�ons	Act�v�t�es
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th�s	report	has	been	rev�ewed	�n	draft	form	by	�nd�v�duals	chosen	for	
the�r	d�verse	perspect�ves	and	techn�cal	expert�se,	�n	accordance	w�th	proce-
dures	approved	by	the	nat�onal	Research	counc�l’s	(nRc’s)	Report	Rev�ew	
comm�ttee.	the	purpose	of	 th�s	 �ndependent	 rev�ew	�s	 to	prov�de	cand�d	
and	cr�t�cal	comments	that	w�ll	ass�st	the	�nst�tut�on	�n	mak�ng	�ts	publ�shed	
report	as	sound	as	poss�ble	and	to	ensure	that	the	report	meets	�nst�tut�onal	
standards	for	object�v�ty,	ev�dence,	and	respons�veness	to	the	study	charge.	
the	rev�ew	comments	and	draft	manuscr�pt	rema�n	confident�al	to	protect	
the	 �ntegr�ty	 of	 the	 del�berat�ve	 process.	 We	 w�sh	 to	 thank	 the	 follow�ng	
�nd�v�duals	for	the�r	rev�ew	of	th�s	report:

RONI AVISSAR,	Duke	Un�vers�ty,	Durham,	north	carol�na
OTIS BROWN,	Un�vers�ty	of	M�am�,	Flor�da
KEN CRAWFORD,	Un�vers�ty	of	oklahoma,	norman
JOHN DUTTON,	Pennsylvan�a	state	Un�vers�ty,	state	college
SUE GRIMMOND,	K�ngs	college,	London,	London,	UK
HEATHER LAZRUS,	soc�al	sc�ence	Woven	Into	Meteorology,	norman,	

oklahoma
DENNIS LETTENMAIER,	Un�vers�ty	of	Wash�ngton,	seattle
CLIFF MASS,	Un�vers�ty	of	Wash�ngton,	seattle
ROBERT MEYER,	Un�vers�ty	of	M�am�,	Flor�da
PETER NEILLEY,	WsI	corporat�on,	Andover,	Massachusetts
RUSS SCHUMACHER,	texas	A&M	Un�vers�ty,	college	stat�on
SOROOSH SOROOSHIAN,	Un�vers�ty	of	cal�forn�a,	Irv�ne
ISTVAN SZUNYOGH,	texas	A&M	Un�vers�ty,	college	stat�on

Although	the	rev�ewers	l�sted	above	have	prov�ded	construct�ve	com-
ments	and	suggest�ons,	they	were	not	asked	to	endorse	the	conclus�ons	or	
recommendat�ons,	nor	d�d	 they	see	 the	final	draft	of	 the	 report	before	 �ts	
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Summary

the	goal	of	weather	pred�ct�on	 �s	 to	prov�de	 �nformat�on	people	and	
organ�zat�ons	can	use	to	reduce	weather-related	losses	and	enhance	soc�-
etal	benefits,	 �nclud�ng	protect�on	of	 l�fe	and	property,	publ�c	health	and	
safety,	and	support	of	econom�c	prosper�ty	and	qual�ty	of	l�fe.	In	econom�c	
terms,	the	benefit	of	the	�nvestment	�n	publ�c	weather	forecasts	and	warn-
�ngs	�s	substant�al:	the	est�mated	annual�zed	benefit	�s	about	$31.5	b�ll�on,	
compared	to	the	$5.1	b�ll�on	cost	of	generat�ng	the	�nformat�on	(Lazo	et	al.,	
2009).	Between	1980	and	2009,	96	weather	d�sasters	�n	the	Un�ted	states	
each	caused	at	least	$1	b�ll�on	�n	damages,	w�th	total	losses	exceed�ng	$700	
b�ll�on	(ncDc,	2010).	Between	1999	and	2008,	there	were	an	average	of	
629	d�rect	weather	fatal�t�es	per	year	(nWs,	2010).	the	annual	�mpacts	of	
adverse	weather	on	the	nat�onal	h�ghway	system	and	roads	are	stagger�ng:	
1.5	m�ll�on	weather-related	crashes	w�th	7,400	deaths,	more	than	700,000	
�njur�es,	and	$42	b�ll�on	�n	econom�c	losses	(Bts,	2007).	In	add�t�on,	$4.2	
b�ll�on �s	 lost	 each	 year	 as	 a	 result	 of	 weather-related	 a�r	 traffic	 delays	
(noAA,	2010).	Weather	�s	also	a	major	factor	�n	the	complex	set	of	�nterac-
t�ons	that	determ�ne	a�r	qual�ty;	more	than	60,000	premature	deaths	each	
year	are	attr�buted	to	poor	a�r	qual�ty	(schwartz	and	Dockery,	1992).

Better	 forecasts	and	warn�ngs	are	 reduc�ng	 these	numbers,	but	much	
more	can	be	done.	the	past	15	years	have	seen	marked	progress	�n	observ-
�ng,	understand�ng,	and	pred�ct�ng	weather.	At	 the	same	t�me,	the	Un�ted	
states	 has	 fa�led	 to	 match	 or	 surpass	 progress	 �n	 operat�onal	 numer�cal	
weather	pred�ct�on	(nWP)	ach�eved	by	other	nat�ons	and	fa�led	to	real�ze	�ts	
pred�ct�on	potent�al	(UcAR,	2010);	as	a	result,	the	nat�on	�s	not	m�t�gat�ng	
weather	�mpacts	to	the	extent	poss�ble.

th�s	report	represents	a	sense	of	the	weather	commun�ty	as	gu�ded	by	
the	d�scuss�ons	of	a	Board	on	Atmospher�c	sc�ences	and	cl�mate	commu-
n�ty	workshop	held	�n	summer	2009.	It	�s	not	a	comprehens�ve	assessment	
of	the	state	of	U.s.	weather	research	and	the	trans�t�on	of	research	find�ngs	
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and	products	�nto	operat�ons.	Further,	the	report	does	not	seek	to	address	
�mportant	�ssues	un�quely	related	to	cl�mate	research	nor	does	�t	touch	on	
�ntra-	 and	 �nteragency	 organ�zat�onal	 procedures	 and	 pract�ces.	 Instead,	
the	report	puts	forth	the	comm�ttee’s	judgment	on	the	most	press�ng	h�gh-
level,	weather-focused	research	challenges	and	research-to-operat�ons	(R2o)	
needs,	and	makes	correspond�ng	recommendat�ons.	th�s	report	addresses	
�ssues	 �nclud�ng	 observat�ons,	 global	 nonhydrostat�c	 coupled	 model�ng,	
data	 ass�m�lat�on,	 probab�l�st�c	 forecast�ng,	 and	 quant�tat�ve	 prec�p�tat�on	
and	hydrolog�c	forecast�ng.

the	report	also	�dent�fies	three	�mportant,	emerg�ng	�ssues—pred�ct�ons	
of	very	h�gh	�mpact	(VHI)	weather,	urban	meteorology,	and	renewable	en-
ergy	development—not	recogn�zed	or	emphas�zed	�n	prev�ous	stud�es.	cut-
t�ng	across	all	of	these	challenges	�s	a	set	of	soc�oeconom�c	�ssues,	whose	
�mportance	and	emphas�s,	although	�ncreas�ng,	has	been	undervalued	and	
underemphas�zed	�n	the	past	and	warrants	greater	recogn�t�on	and	pr�or�ty	
today.

IMPROVE SOCIOECONOMIC RESEARCH AND CAPACITy

soc�oeconom�c	 cons�derat�ons	 are	 fundamental	 �n	 determ�n�ng	 how,	
when,	and	why	weather	�nformat�on	�s,	or	�s	not,	used.	they	are	an	extremely	
�mportant	component	of	weather	research	and	R2o	(and	also	transfers	from	
operat�ons	to	research,	o2R).	Yet	the	weather	pred�ct�on	enterpr�se	st�ll	lacks	
�nterd�sc�pl�nary	capac�ty	to	understand	and	address	soc�oeconom�c	�ssues.	
soc�oeconom�c	expert�se	�s	underut�l�zed	�n	the	weather	commun�ty.	there	
are	key	gaps	�n	the	soc�oeconom�cs	of	weather	that,	when	filled,	w�ll	sub-
stant�ally	benefit	the	weather	commun�ty	and,	more	�mportantly,	soc�ety	at	
large.	the	comm�ttee	�dent�fied	three	pr�or�ty	top�cs	�n	the	soc�oeconom�cs	
of	weather	�nformat�on	requ�r�ng	attent�on:	est�mat�ng	�ts	value,	understand-
�ng	�ts	�nterpretat�on	and	use,	and	�mprov�ng	commun�cat�on	of	�nformat�on.	
Unt�l	these	gaps	are	filled,	the	value	of	the	work	of	the	weather	commun�ty	
w�ll	not	be	real�zed	�n	the	broader	context	of	advanc�ng	weather	pred�ct�on	
capab�l�t�es	for	soc�etal	benefit.	the	comm�ttee’s	v�s�on	�s	that	by	~2025,	a	
core	group	of	soc�al	sc�ent�sts	and	meteorolog�sts	w�ll	form	a	strong,	mutu-
ally	benefic�al	partnersh�p	�n	wh�ch	mult�ple	areas	of	sc�ence	work	together	
to	ensure	weather	research	and	forecast�ng	meet	soc�etal	needs.

Recommendation: The weather community and social scientists should 
create partnerships to develop a core interdisciplinary capacity for 
weather-society research and transitioning research to operations, 
starting with three priority areas:
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 • estimating the societal and economic value of weather information;
 • understanding the interpretation and use of weather information 
by various audiences; and
 • applying this knowledge to improve communication, use, and 
value.

to	be	effect�ve,	 the	partnersh�p	between	 the	weather	commun�ty	
and	soc�al	sc�ent�sts	should	be	two-way	and	balanced,	and	should	�n-
clude	a	var�ety	of	soc�al	sc�ence	perspect�ves.	Members	of	the	weather	
commun�ty,	�nclud�ng	research	�nst�tut�ons,	un�vers�t�es,	�nd�v�dual	me-
teorolog�sts,	 the	 nat�onal	 ocean�c	 and	 Atmospher�c	 Adm�n�strat�on	
(noAA),	the	nat�onal	sc�ence	Foundat�on,	and	other	agenc�es,	should	
pursue	mult�ple	mechan�sms	 for	bu�ld�ng	 research	and	R2o	capac�ty	
�n	the	soc�oeconom�cs	of	weather,	�nclud�ng	long-term	�nterd�sc�pl�nary	
programs;	grant-funded	and	d�rected	research,	R2o,	and	appl�cat�ons	
act�v�t�es;	 �ntegrated	soc�al–phys�cal	sc�ence	testbeds;	m�ss�on	agency	
programs	to	develop	capac�ty;	and	educat�onal	�n�t�at�ves.	the	requ�red	
capac�ty	should	be	developed	and	ut�l�zed	through	partnersh�ps	across	
agenc�es,	programs,	and	d�sc�pl�nes,	and	�n	concert	w�th	academ�a	and	
the	pr�vate	sector.

CONTINUE PURSUING ESTABLISHED WEATHER RESEARCH  
AND TRANSITIONAL NEEDS

there	are	mult�ple	research	and	trans�t�onal	goals	that	have	been	recog-
n�zed	for	some	t�me	as	�mportant	and	ach�evable	but	have	yet	to	be	real�zed;	
moreover,	 all	 have	 s�gn�ficant	 soc�etal	 benefits	 and	 needs	 for	 �nput	 from	
soc�al	sc�ent�sts.	the	comm�ttee	refers	to	these	as	established	pr�or�t�es.	Four	
are	�dent�fied:	global	nonhydrostat�c	coupled	model�ng,	quant�tat�ve	prec�p�-
tat�on	forecast�ng,	hydrolog�c	pred�ct�on,	and	mesoscale	observat�ons.

Predictability and the Need for Global  
Nonhydrostatic Coupled Models

Global	 nonhydrostat�c	 nWP	 models1	 coupled	 w�th	 ocean	 and	 land	
models	 are	 essent�al	 as	 the	 spat�al	 resolut�on	 of	 models	 cont�nues	 to	 �n-
crease,	espec�ally	w�th	gr�d	spac�ng	less	than	10	km.	H�gh-resolut�on	nonhy-

1	nonhydrostat�c	nWP	models	are	atmospher�c	models	�n	wh�ch	the	hydrostat�c	assumpt�on	
�s	not	made,	so	that	the	vert�cal	momentum	equat�on	�s	solved.	As	model	resolut�on	�ncreases,	
the	model	gr�d	spac�ng	decreases	and	the	appl�cab�l�ty	of	the	hydrostat�c	assumpt�on	s�m�larly	
decreases.
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drostat�c	models	(w�th	gr�d	spac�ng	around	2	km)	remove	the	dependence	of	
the	model	on	convect�ve	parameter�zat�ons,	wh�ch	has	been	a	major	barr�er	
to	progress	�n	weather	forecast�ng.

A	number	of	key	capab�l�t�es	rema�n	to	be	developed	for	nonhydrostat�c	
coupled	models:	expl�c�tly	resolved	convect�on	�n	global	models;	advanced	
ass�m�lat�on	of	convect�ve-scale	observat�ons	 that	el�m�nates	prec�p�tat�on	
sp�n-up	and	�mproves	�n�t�al	cond�t�ons;	�mprovements	�n	cloud	m�crophys-
�cs	and	phys�cs	of	the	planetary	boundary	layer	(PBL);	atmospher�c	coupl�ng	
to	ocean	and	land	models;	and	convect�ve-scale	ensemble	pred�ct�on	and	
post-process�ng	systems.

observat�ons	 rema�n	 �nadequate	 to	 opt�mally	 run	 and	 evaluate	 most	
h�gh-resolut�on	models	and	determ�ne	forecast	sk�lls	at	var�ous	temporal	and	
spat�al	scales.	Perhaps	even	more	challeng�ng	�s	the	need	to	develop	su�table	
and	effect�ve	ver�ficat�on	and	evaluat�on	metr�cs	and	methods	for	determ�n-
�ng	probab�l�st�c	forecast	sk�ll	at	d�fferent	scales.	Improved	data	ass�m�lat�on	
as	part	of	the	forecast	system	�s	also	�mportant	for	acqu�r�ng	and	ma�nta�n-
�ng	up-to-date	observ�ng	systems.	H�gh-resolut�on	and	ensemble	forecasts	
requ�re	s�gn�ficant	�ncreases	beyond	the	nat�onal	centers	for	env�ronmental	
Pred�ct�on’s	current	h�gh-performance	comput�ng	capac�ty	for	model	pred�c-
t�ons	but	also	for	data	ass�m�lat�on,	post-process�ng,	and	v�sual�zat�on	of	the	
unprecedented	large	volumes	of	data.

there	�s	also	a	press�ng	need	for	bas�c	research	to	more	fully	understand	
the	�nherent	pred�ctab�l�ty	of	weather	phenomena	at	d�fferent	temporal	and	
spat�al	scales.	Because	of	error	growth	across	all	scales,	from	cumulus	con-
vect�on	to	mesoscale	weather	and	large-scale	c�rculat�ons,	a	h�gh-resolut�on	
(preferably	cloud-resolvable)	nonhydrostat�c	global	model	�s	cruc�al	to	ad-
dress	error	growth	and	better	understand	the	pred�ctab�l�ty	of	global	weather	
systems.

Recommendation: Global nonhydrostatic coupled atmosphere–ocean–	
land models should be developed to meet the increasing demands for 
 improved weather forecasts with extended timescales from hours to 
weeks.

these	 model�ng	 systems	 should	 have	 the	 capab�l�ty	 for	 d�fferent	
configurat�ons:	as	a	global	model	w�th	a	un�form	hor�zontal	resolut�on;	
as	a	global	model	w�th	two-way	�nteract�ve	finer	gr�ds	over	spec�fic	re-
g�ons;	and	as	a	reg�onal	model	w�th	one-way	coupl�ng	to	var�ous	global	
models.	Also	requ�red	are	�mproved	atmospher�c,	ocean�c,	and	land	ob-
servat�ons,	as	well	as	s�gn�ficantly	�ncreased	computat�onal	resources	to	
support	the	development	and	�mplementat�on	of	advanced	data	ass�m�-
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lat�on	systems	such	as	four-d�mens�onal	var�at�onal	(4DVar),	ensemble	
Kalman	filter	(enKF),	and	hybr�d	4DVar	and	enKF	approaches.

Quantitative Precipitation Forecasting

Quant�tat�ve	prec�p�tat�on	forecasts	(QPFs2)	are	espec�ally	�mportant	for	
many	soc�etal	�ssues	but	are	much	less	sk�llful	than	forecasts	of	meteorolog�-
cal	state	parameters	(pressure,	temperature,	and	hum�d�ty)	and	w�nds	(Fr�tsch	
and	 carbone,	 2004).	 QPF	 sk�ll,	 although	 lagg�ng	 progress	 �n	 forecast�ng	
other	var�ables,	has	nonetheless	�ncreased	stead�ly	but	slowly	over	the	past	
30	years.	Forecasts	are	more	sk�llful	at	shorter	range	and	lesser	cumulat�ve	
prec�p�tat�on	amounts,	wh�ch	occur	much	more	 frequently	 than	heavy	or	
extreme	events.	cons�derable	sk�ll	has	been	ach�eved	�n	the	dynam�cal	pre-
d�ct�on	of	cool-season	orograph�c	prec�p�tat�on,	wh�ch	accounts	for	much	of	
the	sk�ll	assoc�ated	w�th	the	w�nter	season.	Forecast	ab�l�ty	for	prec�p�tat�on	
assoc�ated	w�th	extratrop�cal	fronts	and	cyclones	�s	�ncreas�ngly	sk�llful	at	
synopt�c	scales.

However,	the	least	sk�llful	pred�ct�ons	occur	under	weakly	forced	con-
d�t�ons	when	local	var�ab�l�ty	and	phys�cal	factors	are	more	l�kely	to	exert	
�nfluence	 on	 prec�p�tat�on	 occurrence	 and	 amount.	 General	 c�rculat�on	
models	used	for	operat�onal	weather	pred�ct�on	have	not	represented	con-
vect�ve	prec�p�tat�on	systems	expl�c�tly	but	rather	have	used	parameter�za-
t�ons.	the	l�m�tat�ons	of	cumulus	parameter�zat�ons	and	the	subsequent	lack	
of	pred�ct�ve	sk�ll	(Fr�tsch	and	carbone,	2004)	have	led	to	the	conclus�on	
that	short-range	weather	pred�ct�on	appl�cat�ons	need	to	expl�c�tly	represent	
deep	mo�st	convect�on	�n	forecast	models.

Pred�ct�ng	 the	 probable	 locat�on	 of	 convect�ve	 ra�nfall	 events	 �s	 also	
dependent	upon	�mprov�ng	�n�t�al	and	boundary	cond�t�ons	�n	the	forecast	
models.	W�th	respect	to	the	lower	troposphere,	PBL	depth	and	h�gh-resolu-
t�on	vert�cal	profiles	of	w�nd	and	water	vapor	are	necessary,	together	w�th	
surface	analyses	that	are	sk�llful	�n	captur�ng	mesoscale	var�ab�l�ty	on	a	scale	
of	approx�mately	10	km	or	less.

Mesoscale	ensemble	pred�ct�on	techn�ques	need	to	be	further	explo�ted	
w�th	respect	to	sk�ll	�n	expl�c�t	pred�ct�ons	of	mo�st	convect�on	and	accompa-
ny�ng	prec�p�tat�on.	th�s	�ncludes	trade-offs	between	the	number	of	members	
and	the�r	spat�al	resolut�on,	and	�ssues	related	to	member	generat�on	and	

2		QPF	refers	to	forecasts	of	prec�p�tat�on	that	are	quant�tat�ve	(e.g.,	m�ll�meters	of	ra�n,	cent�-
meters	of	snow)	rather	than	qual�tat�ve	(e.g.	l�ght	ra�n,	flurr�es),	�nd�cat�ng	the	type	and	amount	
of	prec�p�tat�on	that	w�ll	fall	at	a	g�ven	locat�on	dur�ng	a	part�cular	t�me	per�od.
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select�on.	ensemble	pred�ct�ons	hold	prom�se	to	m�t�gate	and	quant�fy	fore-
cast	uncerta�nty,	espec�ally	w�th	respect	to	the	deta�led	t�me	and	locat�on	of	
spec�fic	events	for	wh�ch	the	�ntr�ns�c	l�m�ts	of	pred�ctab�l�ty	are	uncerta�n.

Recommendation: To improve the skill of quantitative precipitation 
forecasts, the forecast process of the National Weather Service should 
explicitly represent deep convection in all weather forecast models and 
employ increasingly sophisticated probabilistic prediction techniques.

Global	and	reg�onal	weather	forecast	models	should	represent	or-
gan�zed	deep	 convect�on	 expl�c�tly	 to	 the	max�mum	extent	 poss�ble,	
even	at	resolut�ons	somewhat	coarser	than	5	km,	as	may	be	necessary	
�n�t�ally,	 �n	 the	 case	 of	 global	 models.	 expl�c�t	 representat�on	 should	
markedly	�mprove	forecast	sk�ll	assoc�ated	w�th	the	largest	and	h�ghest	
�mpact	 prec�p�tat�on	 events.	 the	 �ntroduct�on	 of	 expl�c�t	 convect�on	
w�ll	 l�kely	requ�re	 the	refinement	of	m�crophys�cal	parameter�zat�ons,	
boundary-layer	and	surface	 representat�ons	and	other	model	phys�cs,	
wh�ch	are,	�n	themselves,	form�dable	challenges.

Probab�l�st�c	pred�ct�on	should	be	v�gorously	pursued	through	re-
search	and	the	development	and	use	of	�ncreas�ngly	soph�st�cated	en-
semble	 techn�ques	at	all	 scales.	new	tools	need	 to	be	developed	 for	
ver�ficat�on	of	probab�l�st�c,	h�gh-resolut�on	ensemble	model	forecasts,	
eventually	supplant�ng	equ�table	threat	scores.

Hydrologic Prediction

An	advanced	hydrolog�c	model�ng	system	requ�res	the	ab�l�ty	to	translate	
prec�p�tat�on	forecasts	�nto	s�m�larly	accurate,	d�str�buted	runoff	and	stream-
flow	pred�ct�ons	by	�nvok�ng	the	phys�cal	mechan�sms	of	runoff	generat�on,	
snow	accumulat�on,	surface-groundwater	exchanges,	r�ver	and	floodpla�n	
rout�ng,	 r�ver	 hydraul�c	 rout�ng,	 and	 agr�cultural	 and	 other	 consumpt�ve	
uses.	these	elements	of	an	advanced	hydrolog�c	pred�ct�on	system	are	far	
from	be�ng	well	observed,	far	from	be�ng	well	understood,	far	from	be�ng	
appropr�ately	 represented	 �n	 numer�cal	 pred�ct�on	 models,	 and	 far	 from	
be�ng	 even	 rud�mentar�ly	 ver�fied.	 Major	 changes	 �n	 hydrolog�c	 research	
and	�nfrastructure	are	needed	to	meet	the	press�ng	soc�etal	and	econom�c	
demands	of	flood	protect�on	and	water	ava�lab�l�ty.

In	the	meteorolog�cal	and	atmospher�c	sc�ences	commun�ty,	advances	
�n	nWP	and	cl�mate	model�ng	have	been	enabled	to	a	large	degree	by	the	
development	of	commun�ty-supported	and	-developed	models.	In	the	hydro-
log�c	commun�ty,	no	equ�valent	effort	ex�sts.	Development	of	a	robust	hydro-
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log�c	forecast	capac�ty	w�ll	requ�re	a	strateg�c	comm�tment	to	a	systemat�c	
hydrolog�c	pred�ct�on	framework	effort	that	br�ngs	together	(1)	the	collect�ve	
resources	of	the	hydrolog�c	commun�ty	�n	establ�sh�ng	a	un�fied	hydrolog�c	
observat�onal,	research,	and	model�ng	agenda;	(2)	the	atmospher�c	and	hy-
drolog�c	commun�t�es	�n	develop�ng,	test�ng,	and	�mprov�ng	a	fully	coupled	
atmospher�c–hydrolog�c	pred�ct�on	system;	and	(3)	the	research	and	opera-
t�ons	commun�t�es	 to	 jo�ntly	 �dent�fy	 research	pr�or�t�es	 that	fill	 �mportant	
gaps	�n	the	appl�cat�on	of	hydrolog�c	products	by	government	agenc�es	and	
the	pr�vate	sector.	A	ver�fied	d�str�buted	model	�s	certa�n	to	accelerate	both	
R2o	and	o2R	trans�t�ons	and	serve	other	user	commun�t�es.

Recommendation: Improving hydrologic forecast skill should be made 
a national priority. Building on lessons learned, a community-based 
coupled atmospheric–hydrologic modeling framework should be sup-
ported to accelerate fundamental understanding of water cycle dy-
namics; deliver accurate predictions of floods, droughts, and water 
availability at local and regional scales; and provide a much needed 
benchmark for measuring progress.

to	successfully	translate	the	�nvestment	�n	�mproved	weather	and	
cl�mate	 forecasts	 �nto	 �mproved	 hydrolog�c	 forecasts	 at	 local	 and	 re-
g�onal	scales,	and	meet	the	press�ng	soc�etal,	econom�c,	and	env�ron-
mental	demands	of	water	ava�lab�l�ty	(floods,	droughts,	and	adequate	
water	supply	for	people,	agr�culture,	and	ecosystems),	an	accelerated	
hydrolog�c	research	and	R2o	strategy	�s	needed.	Fundamental	research	
�s	requ�red	on	the	phys�cal	representat�on	of	water	cycle	dynam�cs	from	
the	atmosphere	 to	 the	subsurface,	probab�l�st�c	pred�ct�on	and	uncer-
ta�nty	est�mat�on,	ass�m�lat�on	of	mult�sensor	observat�ons,	and	model	
ver�ficat�on	over	a	range	of	scales.	Integral	to	th�s	research	are	�ntegrated	
observator�es	(from	the	atmosphere	to	the	land	and	to	the	subsurface)	
across	mult�ple	scales	and	hydrolog�c	reg�mes.

Mesoscale Observational Needs

Improved	observ�ng	capab�l�t�es	at	the	mesoscale3	are	an	expl�c�t	aspect	
of	every	weather	pr�or�ty	�dent�fied	�n	th�s	study,	 �nclud�ng	soc�oeconom�c	

3		the	Glossary of Meteorology	(Gl�ckman,	2000)	defines	mesoscale	as	“Perta�n�ng	to	atmo-
spher�c	phenomena	hav�ng	hor�zontal	scales	rang�ng	from	a	few	to	several	hundred	k�lometers,	
�nclud�ng	thunderstorms,	squall	l�nes,	fronts,	prec�p�tat�on	bands	�n	trop�cal	and	extratrop�cal	
cyclones,	and	 topograph�cally	generated	weather	 systems	such	as	mounta�n	waves	and	sea	
and	land	breezes.”
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pr�or�t�es	such	as	reduct�on	�n	vulnerab�l�ty	for	dense	coastal	populat�ons,	and	
�mprovements	�n	forecasts	at	the	scale	of	flash	floods	and	rout�nely	d�srupt�ve	
local	weather.	observat�ons	at	the	mesoscale	are	�ncreas�ngly	�mportant	to	
establ�sh�ng	�n�t�al	cond�t�ons	for	global	models	as	resolut�on	�mproves.	these	
�nclude	observat�ons	that	e�ther	resolve	mesoscale	atmospher�c	structure	or	
un�quely	enable	mesoscale	nWP.	the	emphas�s	on	mesoscale	observat�ons	
�s	 mot�vated	 by	 the	 scale	 and	 phenomenology	 assoc�ated	 w�th	 d�srupt�ve	
weather;	the	necess�ty	to	understand	�t,	detect	�t,	and	warn	of	the	potent�al	
consequences;	and	 �mproved	capac�ty	 to	 spec�fically	pred�ct	or	otherw�se	
ant�c�pate	�t	at	very	short	to	short	ranges	(0	to	48	hours).

A	nat�onal	mesoscale	observ�ng	network	�s	needed	for	a	w�de	var�ety	of	
stakeholders	�nclus�ve	of	bas�c	and	appl�ed	researchers,	�ntermed�ate	users	
assoc�ated	w�th	weather–cl�mate	�nformat�on	prov�ders,	and	a	w�de	var�ety	
of	end	users	at	all	levels	of	government	and	numerous	commerc�al	sectors.	
satell�te	 observat�ons	 are	 expected	 to	 assume	 a	 pr�mary	 role	 at	 alt�tudes	
above	the	cont�nental	PBL.

there	 �s	 a	 press�ng	 need	 for	 research	 and	 development	 lead�ng	 to	
�mproved	 mesoscale	 data	 ass�m�lat�on	 techn�ques	 �n	 operat�onal	 forecast	
systems.	Improved	analyses	requ�re	better	knowledge	of	systemat�c	errors	�n	
observat�ons,	espec�ally	because	mesoscale	data	are	often	sparse	or	patchy,	
and	relat�vely	poorly	documented	compared	to	those	from	standard	synopt�c	
observat�ons.	the	structure	and	var�ab�l�ty	of	the	lower	troposphere	�s	not	
well	known	because	vert�cal	profiles	of	water	vapor,	temperature,	and	w�nds	
are	 not	 systemat�cally	 observed	 at	 the	mesoscale	 (schlatter	 et	 al.,	 2005).	
the	sens�t�v�ty	to	these	observat�on	gaps	�s	not	well	understood	but	�s	l�kely	
substant�al	�n	urban	(Dabberdt	et	al.,	2000)	and	coastal	(Droegeme�er	et	al.,	
2000)	reg�ons	where	populat�on	dens�ty	�s	h�gh	and	�n	mounta�nous	reg�ons,	
wh�ch	are	a	prox�mate	cause	for	major	forecast	errors	downstream	(sm�th	
et	al.,	1997).	the	relat�ve	absence	of	h�gh-resolut�on	PBL	profiles	�mpedes	
progress	�n	sk�llful	pred�ct�ons	at	the	mesoscale	over	both	land	and	coastal	
waters.	Mesoscale	pred�ctab�l�ty	�s	dependent,	to	some	cons�derable	degree,	
on	mesoscale	�n�t�al	cond�t�ons.	th�s	�s	espec�ally	true	w�th	respect	to	spec�fic	
pred�ct�ons	of	deep	mo�st	convect�on	and	attendant	heavy	ra�nfall	and	severe	
weather	(Fr�tsch	and	carbone,	2004).

Mesoscale	observat�ons	need	to	be	a	focus	of	testbeds	�ntended	to	de-
velop	and	�ntroduce	new	parad�gms	�n	env�ronmental	observat�on.	th�s	�s	
part�cularly	�mportant	and	urgent	w�th	respect	to	fully	�ntegrat�ng	methods	
�n	nowcast�ng	w�th	dynam�cal	pred�ct�on	�n	the	0-	to	6-hour	range,	thereby	
�mprov�ng	performance	 �n	 severe	weather,	hydrolog�c	 forecasts,	and	 rou-
t�nely	d�srupt�ve	weather.
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Recommendation: Federal agencies and their partners should deploy 
a national network of profiling devices for mesoscale weather and 
chemical weather prediction purposes. Such devices should incorpo-
rate capabilities that extend from the subsurface to 2–3 km above the 
surface level. The entire system of observations in support of mesoscale 
predictions should be coordinated, developed, and evaluated through 
test-bed mechanisms.

As	a	h�gh	�nfrastructure	pr�or�ty,	opt�cal	and	rad�o-frequency	profil-
ers	should	be	deployed	nat�onally	at	approx�mately	400	s�tes	 to	con-
t�nually	mon�tor	lower	tropospher�c	meteorolog�cal	cond�t�ons.	to	meet	
nat�onal	 needs	 �n	 support	 of	 chem�cal	 weather	 forecasts,	 a	 core	 set	
of	 atmospher�c	 pollutant	 compos�t�on	 profiles	 should	 be	 obta�ned	 at	
approx�mately	200	urban	and	 rural	 s�tes.	 to	meet	nat�onal	needs	 for	
representat�ve	 land–atmosphere	 latent	 and	 sens�ble	 heat	 flux	 data,	 a	
nat�onal,	 real-t�me	 network	 of	 so�l	 mo�sture	 and	 temperature	 profile	
measurements	should	be	made	to	a	nom�nal	depth	of	2	m	and	deployed	
nat�onw�de	at	approx�mately	3,000	s�tes.

Federal	agenc�es,	 together	w�th	state,	pr�vate-sector,	and	nongov-
ernmental	organ�zat�ons,	should	employ	mesoscale	testbeds	for	appl�ed	
research	and	development	to	evaluate	and	�ntegrate	nat�onal	mesoscale	
observ�ng	 systems,	 networks	 thereof,	 and	 attendant	 data	 ass�m�lat�on	
systems	as	part	of	a	nat�onal	3D	network	of	networks.

INCREASE ATTENTION TO EMERGING WEATHER RESEARCH  
AND TRANSITIONAL NEEDS

several	research	and	R2o	needs	have	come	to	be	recogn�zed	over	the	
past	5	to	10	years	as	�ncreas�ngly	�mportant,	yet	rema�n	�n	the	early	stages	
of	understand�ng	or	�mplementat�on.	these	are	denoted	as	emerging	weather	
research	and	trans�t�onal	needs,	�n	contrast	to	establ�shed	needs.	three	h�gh-
pr�or�ty	emerg�ng	needs	are	�dent�fied:	VHI	weather,	urban	meteorology,	and	
renewable	energy	development.

Very High Impact Weather

VHI	weather	 �s	defined	here	as	weather	 that	endangers	publ�c	health	
and	safety	or	causes	s�gn�ficant	econom�c	�mpacts,	�nclud�ng

1.		severe	 and	d�srupt�ve	weather	 hazards	 that	 change	 rap�dly	 on	 the	
t�mescale	of	m�nutes	to	hours	or	a	few	days,	and
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2.	pers�stent	weather	hazards	that	occur	on	longer	t�mescales	of	days	to	
weeks	or	even	years	(e.g.,	drought).

Advanc�ng	the	understand�ng,	mon�tor�ng,	and	pred�ct�on	of	VHI	phe-
nomena	and	�mpacts	requ�res	�mprov�ng	the	accuracy	and	t�mel�ness	of	ob-
servat�ons,	forecasts,	and	warn�ngs	�n	order	to	develop	an	effic�ent	response	
system	that	helps	m�n�m�ze	and	m�t�gate	hazardous	weather	�mpacts.

A	new	parad�gm	for	the	com�ng	decades	�s	the	expans�on	�n	emphas�s	
from	 weather	 pred�ct�on	 alone	 to	 the	 pred�ct�on	 of	 weather	 and	 related	
�mpacts.	 th�s	 expans�on	 necess�tates	 development	 of	 new	 model�ng	 and	
observat�onal	tools,	�nnovat�ve	forecast	gu�dance	products,	and	methods	of	
�nformat�on	and	warn�ng	d�ssem�nat�on.	th�s	sh�ft	also	demands	full	�ntegra-
t�on	of	the	phys�cal	and	soc�oeconom�c	sc�ences.

one	 major	 challenge	 for	 such	 an	 expans�on	 �s	 to	 explo�t	 ensemble	
model�ng	more	 fully	 to	produce	quant�tat�ve	probab�l�st�c	 forecasts	of	at-
mospher�c	quant�t�es	w�th	est�mates	of	uncerta�nty,	and	for	these	to	then	be	
used	to	generate	probab�l�st�c	forecasts	of	the	�mpacts	and	r�sks	of	pend�ng	
VHI	weather	s�tuat�ons,	thereby	enabl�ng	�mproved	dec�s�on	mak�ng.	teams	
of	phys�cal	sc�ent�sts,	soc�al	sc�ent�sts,	and	profess�onals	from	user	groups	
w�ll	need	to	work	together	to	define	the	needed	observat�ons	and	�mpact	
parameters.

Recommendation: The federal agencies and their state and local gov-
ernment partners, along with private-sector partners, should place 
high priority on providing not only improved weather forecasts but 
also explicit impact forecasts. An effective integrated weather	 im-
pacts prediction system should utilize high-quality and high-resolution 
meteorological analysis and forecast information as part of coupled 
prediction systems for VHI weather situations.

th�s	w�ll	requ�re

•	 fundamental	 research	 �n	both	 the	phys�cal	and	soc�al	 sc�ences	
to	�mprove	understand�ng	and	pred�ct�on	of	VHI	weather	phenomena,	
and	the	prov�s�on	of	warn�ngs	and	r�sk	assessments	�n	support	of	dec�-
s�on	mak�ng;

•	 development	of	�mpact	parameters	and	representat�ons	for	mul-
t�ple	appl�cat�ons	(e.g.,	morb�d�ty,	electr�c	gr�d	vulnerab�l�ty,	storm	surge	
and	flood	�nundat�on	areas);

•	 research	to	determ�ne	and	obta�n	cr�t�cal	and	t�mely	observat�ons;
•	 end-to-end	part�c�pat�on	by	mult�ple	sectors	and	d�sc�pl�nes	(�n-

clud�ng	 modelers,	 observat�onal�sts,	 forecasters,	 soc�al	 sc�ent�sts,	 and	
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end	users)	to	jo�ntly	des�gn	and	�mplement	�mpact-forecast�ng	systems;	
and

•	 mult�d�sc�pl�nary	undergraduate	and	graduate	programs	that	can	
address	the	emerg�ng	field	of	VHI	weather–�mpacts	pred�ct�on,	r�sk	as-
sessment	and	management,	and	commun�cat�on	through	fully	�ntegrated	
research,	educat�on,	and	tra�n�ng	for	the	new	generat�on	of	sc�ent�sts,	
forecasters,	emergency	managers,	and	dec�s�on	makers.

Urban Meteorology

Urban�zat�on	of	the	world’s	populat�on	has	g�ven	r�se	to	more	than	450	
c�t�es	around	the	world	w�th	populat�ons	�n	excess	of	1	m�ll�on	and	more	than	
25	so-called	megac�t�es	w�th	populat�ons	over	10	m�ll�on	(Br�nkhoff,	2010).	the	
Un�ted	states	today	has	a	total	res�dent	populat�on	of	more	than	308,500,000,4	
w�th	81	percent	res�d�ng	�n	c�t�es	and	suburbs	as	of	m�d-2005	(Un,	2008).

Urban	meteorology	�s	 the	study	of	 the	phys�cs,	dynam�cs,	and	chem-
�stry	of	the	�nteract�ons	of	earth’s	atmosphere	and	the	urban	bu�lt	env�ron-
ment,	and	the	prov�s�on	of	meteorolog�cal	serv�ces	to	the	populat�ons	and	
�nst�tut�ons	of	metropol�tan	areas.	Although	the	deta�ls	of	such	serv�ces	are	
dependent	on	the	locat�on	and	the	synopt�c	cl�matology	of	each	c�ty,	there	
are	common	themes,	such	as	enhanc�ng	qual�ty	of	l�fe	and	respond�ng	to	
emergenc�es.	exper�ence	elsewhere	(e.g.,	shangha�,	Hels�nk�)	shows	urban	
meteorolog�cal	support	�s	a	key	part	of	an	�ntegrated	or	mult�hazard	warn-
�ng	 system	 that	cons�ders	 the	 full	 range	of	env�ronmental	challenges	and	
prov�des	a	un�fied	response	from	mun�c�pal	leaders.

A	nat�onal	�n�t�at�ve	to	enhance	urban	meteorolog�cal	serv�ces	�s	a	h�gh-
pr�or�ty	need	for	a	w�de	var�ety	of	stakeholders,	�nclud�ng	the	general	publ�c,	
commerce	and	�ndustry,	and	all	levels	of	government.	some	of	the	act�v�t�es	of	
such	an	�n�t�at�ve	�nclude	conduct�ng	bas�c	research	and	development;	proto-
typ�ng	and	other	R2o	act�v�t�es	to	enable	very	short-	and	short-range	pred�c-
t�ons;	support�ng	and	�mprov�ng	product�v�ty	and	effic�ency	�n	commerc�al	
and	�ndustr�al	sectors;	and	urban	plann�ng	for	long-term	susta�nab�l�ty.

Urban	testbeds	are	an	effect�ve	means	for	develop�ng,	test�ng,	and	fos-
ter�ng	the	necessary	bas�c	and	appl�ed	meteorolog�cal	and	soc�oeconom�c	
research,	 and	 trans�t�on�ng	 research	 find�ngs	 to	 operat�ons.	An	 extended,	
mult�year	per�od	of	cont�nuous	effort,	punctuated	w�th	�ntens�ve	observ�ng	
and	forecast�ng	per�ods,	�s	env�s�oned.

Recommendation: The federal government, led by the National Oce-
anic and Atmospheric Administration, in concert with multiple public 

4	see	http://www.census.gov/ma�n/www/popclock.html.
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and private partners, should identify the resources needed to provide 
meteorological services that focus on where people live, beginning 
with a high-priority urban meteorology initiative to create infrastruc-
ture, products, and services tailored to the special needs of cities.

Although	noAA	should	be	the	lead	agency	�n	such	an	�n�t�at�ve,	�ts	
success	w�ll	requ�re	effect�ve	partnersh�ps	w�th	other	federal,	state,	and	
local	government	agenc�es,	academ�a,	and	the	pr�vate	sector,	as	well	as	
w�th	all	sectors	of	the	user	commun�ty,	both	publ�c	and	pr�vate.	Under	
the	 leadersh�p	of	noAA,	a	consort�um	of	nat�onal	and	local	partners	
should	establ�sh	a	small	number	of	urban	testbeds	 for	 the	purpose	of	
determ�n�ng	urban	user	needs	for	 ta�lored	meteorolog�cal	 �nformat�on	
and	then	develop�ng,	test�ng,	and	evaluat�ng	var�ous	observ�ng,	model-
�ng,	and	commun�cat�on	strateg�es	for	prov�d�ng	those	end	users	w�th	
an	effect�ve	su�te	of	soc�etally	relevant	and	cost-effect�ve	products	and	
serv�ces	to	meet	those	needs.	the	goal	of	such	testbeds	would	be	to	con-
duct	or	foster	the	necessary	bas�c	and	appl�ed	research	and	then	trans�-
t�on	 the	 research	find�ngs	 together	w�th	 the	pract�cal	 lessons	 learned	
�nto	operat�ons,	and	to	extend	these	capab�l�t�es,	appropr�ately	scaled,	
to	c�t�es	across	the	nat�on.

Renewable Energy Development

the	 product�on	 of	 energy	 from	 renewable	 sources—hydro,	 b�omass,	
geothermal,	mun�c�pal	waste,	w�nd,	 and	 solar—�s	 an	 �ntegral	 part	 of	 the	
challenge	to	reduce	rel�ance	on	foss�l	fuels,	ach�eve	a	mean�ngful	measure	
of	energy	�ndependence,	and	m�n�m�ze	anthropogen�c	cl�mate	change.	elec-
tr�c�ty	generat�on	from	renewable	resources	represents	a	small	yet	rap�dly	
grow�ng	fract�on	that	�s	projected	to	produce	14	percent	of	total	domest�c	
generat�on	�n	2030.	However,	there	are	s�gn�ficant	weather	dependenc�es	
and	uncerta�nt�es	that	challenge	the	use	of	renewable	energ�es—espec�ally	
w�nd	and	solar—�n	a	product�on	and	d�str�but�on	system	that	must	prov�de	
stable	and	rel�able	electr�c	power	where	and	when	�t	�s	needed.

there	are	a	host	of	weather-related	research	and	operat�onal	challenges	
that	w�ll	need	to	be	met	 to	prov�de	rel�able	and	pred�ctable	w�nd	power.	
these	challenges	perta�n	 to	w�nd	turb�ne	des�gn	and	operat�on,	w�nd	en-
ergy	explorat�on,	w�nd	plant	 s�t�ng	and	des�gn,	w�nd	 �ntegrat�on,	and	 the	
effects	of	a	chang�ng	cl�mate.	L�ke	so	many	other	weather	research	and	R2o	
pr�or�t�es,	 those	perta�n�ng	 to	w�nd	energy	 �nvolve	both	observat�ons	and	
model�ng	and	�nclude
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•	 Exploration:	Assess�ng	 the	w�nd	energy	 resource	 requ�res	observa-
t�ons	 to	quant�fy	 the	d�str�but�on	of	w�nd	speed	as	a	 funct�on	of	 locat�on,	
t�me,	and	he�ght.

•	 Wind turbine design:	Because	of	the�r	large	span,	w�nd	turb�nes	are	ex-
posed	to	var�able	atmospher�c	stresses,	wh�ch	place	demands	on	the�r	des�gn	
that	requ�re	deta�led	knowledge	of	mean	and	turbulent	flow	cond�t�ons.

•	 Wind plant architecture:	the	des�gn	of	w�nd	parks	and	the�r	power	
generat�ng	effic�ency	heav�ly	depend	on	wake	�nteract�ons	and	�nterferences	
among	ne�ghbor�ng	turb�nes,	and	the	effects	of	local	topography.

•	 Operations:	W�nd	forecasts	on	the	6-	to	48-hour	t�mescale	are	�m-
portant	 for	project�ng	w�nd	energy	product�on,	but	w�nd	park	operat�ons	
are	also	suscept�ble	to	“w�nd	ramp”	events—abrupt,	major	changes	�n	w�nd	
speed.	Manag�ng	w�nd	power	�ntegrat�on	on	the	30-m�nute	to	6-hour	t�me-
scale	requ�res	accurate	very	short	range	nWP	and	nowcasts.

the	current	state	of	mesoscale	observat�ons	�s	�nadequate	to	support	the	
h�gh-resolut�on	model�ng	needs	of	the	w�nd	energy	�ndustry.	Meteorolog�cal	
observat�ons—pr�mar�ly	 w�nd	 and	 turbulence,	 but	 also	 temperature—are	
requ�red	to	a�d	�n	w�nd	park	assessment,	s�t�ng,	and	des�gn	and	to	assess	the	
performance	of	�nd�v�dual	w�nd	turb�nes.	Because	of	the	s�gn�ficant	vert�cal	
extent	of	large	w�nd	turb�nes	and	the	effects	of	w�nd	shear	and	turbulence,	
�t	�s	essent�al	to	have	deta�led	w�nd	structure	�nformat�on	up	to	he�ghts	of	
~0.5	km	above	ground	level.

A	h�erarchy	of	models,	each	s�mulat�ng	a	cascade	of	spat�al	scales,	�s	
requ�red	 to	address	var�ous	w�nd-dependent	aspects	of	w�nd	 turb�ne	and	
w�nd	park	des�gn	and	operat�on,	 �nclud�ng	computat�onal	flu�d	dynam�cs	
models;	very	h�gh	resolut�on	atmospher�c	(�nclud�ng	large-eddy	s�mulat�on)	
models;	h�gh-resolut�on	mesoscale	models,	and	nowcast�ng	methods.

solar	 energy	 systems	 produce	 electr�c�ty,	 d�rectly	 or	 �nd�rectly,	 from	
amb�ent	sunl�ght.	L�ke	w�nd,	 the	ava�lab�l�ty	of	solar	power	�s	also	h�ghly	
var�able	 �n	 space	 and	 t�me.	Developers	 of	 large	 solar	 plants	 and	ut�l�t�es	
us�ng	d�str�buted	photovolta�c	systems	have	common	needs	for	rel�able	ob-
servat�ons	of	solar	rad�at�on,	h�stor�cal	and	real-t�me	databases,	and	accurate	
forecasts	on	a	var�ety	of	scales.

ex�st�ng	h�stor�cal,	nat�onal	databases	are	based	on	�n	s�tu	measurements	
from	a	few	tens	of	surface-based	rad�ometers	together	w�th	satell�te	cloud	
�magery	 and	 analyt�cal	 �nterpolat�on	 algor�thms.	 However,	 the	 accuracy	
of	the	hourly	est�mates	of	surface	solar	�rrad�ance	from	satell�te	�magery	�s	
�nadequate	(only	±20	percent),	and	the	spat�al	database	resolut�on	of	≥10	
km	does	not	meet	many	users’	needs	for	1-km	data.
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Ut�l�ty	operators	requ�re	h�stor�cal	data	and	solar	resource	forecasts	on	
several	 t�mescales:	 ≤3	 hours	 for	 “d�spatch�ng”	 to	 enable	 a	 steady	 power	
supply	to	the	gr�d;	24	to	72	hours	for	system	operat�ons	plann�ng;	and	sea-
sonal	to	�nterannual	forecast�ng	for	econom�c	analyses	and	system	plann�ng.	
there	 �s	currently	no	ex�st�ng	operat�onal	solar	 forecast�ng	capab�l�ty	 that	
meets	 user	 needs.	 these	 needs	 �nclude	 h�ghly	 resolved	 (15	 m�nutes	 and	
somet�mes	less)	short-range	forecasts	that,	�n	turn,	requ�re	more	s�te-spec�fic	
�n	s�tu	downwell�ng	solar	and	�nfrared	rad�at�on	measurements,	�mproved	
satell�te	est�mates,	better	extrapolat�on	methods,	and	rel�able,	operat�onal	
solar	forecast�ng	not	ava�lable	today.

Improved	observat�ons,	s�mulat�ons,	and	pred�ct�ons	of	w�nd	and	tur-
bulence,	 and	 solar	 rad�at�on,	 are	 needed	 w�th	 h�gh	 spat�al	 and	 temporal	
resolut�on	and	accuracy	to	opt�mally	locate,	des�gn,	and	operate	w�nd	and	
solar	 energy	 fac�l�t�es.	 these	 efforts	 w�ll	 requ�re	 a	 focused,	 h�gh-pr�or�ty	
nat�onal	research	and	R2o	program	that	�s	carefully	and	closely	�ntegrated	
w�th	the	mesoscale	observ�ng	and	pred�ct�ng	�n�t�at�ves	and	soc�oeconom�c	
act�ons	recommended	throughout	th�s	report.	to	be	successful,	these	efforts	
w�ll	requ�re	effect�ve	collaborat�ons	and	partnersh�ps	among	power	system	
des�gners,	operators,	gr�d	managers,	observat�onal�sts,	researchers,	forecast-
ers,	and	modelers.

Recommendation: The effective design and operation of wind and so-
lar renewable energy production facilities requires the development, 
evaluation, and implementation of improved and new atmospheric 
observing and modeling capabilities, and the decision	 support sys-
tems they enable. The federal agencies should prioritize and enhance 
their development and support of the relevant observing and mod-
eling methods, and facilitate their transfer to the private sector for 
implementation.

CONCLUSION

An	act�ve	d�alogue	�s	needed	among	stakeholders	represent�ng	a	w�de	
range	of	d�sc�pl�nes	and	organ�zat�ons.	one	approach	that	has	been	effect�ve	
�n	the	past	�s	for	the	federal	agenc�es	to	�n�t�ate	and	lead	such	a	d�alogue	
through	a	commun�ty	“weather	summ�t”	that	br�ngs	the	part�es	together	to	
�dent�fy	 pr�or�t�es	 and	 define	 spec�fic	 act�ons	 to	 establ�sh	 a	 cohes�ve	 ap-
proach	to	the	plann�ng	of	weather	research	and	R2o.

As	our	nat�on’s	weather	challenges	have	changed,	so	must	our	sc�ent�fic	
research	 and	 operat�onal	 pr�or�t�es	 change.	 the	 var�ous	 soc�oeconom�c,	
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establ�shed,	and	emerg�ng	�ssues	�dent�fied	�n	th�s	report	requ�re	�ncreased	
attent�on.	th�s	 �nvolves	undertak�ng	 the	needed	 research	and	 transferr�ng	
the	�mportant	research	results	�nto	operat�ons.	the	commun�ty	also	needs	to	
establ�sh	and	nurture	effect�ve	partnersh�ps	among	government,	academ�a,	
and	�ndustry.	As	such,	th�s	report	and	�ts	recommendat�ons	are	relevant	to	
all	part�es	�n	the	weather	enterpr�se:	agency	dec�s�on	makers,	pol�cy	makers,	
research	sc�ent�sts,	pr�vate-sector	appl�cat�ons	spec�al�sts,	 teachers,	publ�c	
and	pr�vate	user	groups	and	organ�zat�ons,	and	the	general	publ�c.
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Does	weather	matter?	Weather	 �s	an	 �ntegral	part	of	da�ly	 l�fe	 (F�gure	
1.1).	Weather	has	 enormous	 �mpact	on	 the	economy,	publ�c	health,	 and	
safety	�n	the	Un�ted	states	and	worldw�de.	Although	the	benefit	of	publ�c	
weather	forecasts	and	warn�ngs	cannot	be	fully	measured	�n	econom�c	terms	
alone,	a	 recent	 survey	has	nevertheless	est�mated	 �ts	annual�zed	value	at	
about	$31.5	b�ll�on,	compared	to	a	$5.1	b�ll�on	cost	to	generate	the	�nfor-
mat�on	(Lazo	et	al.,	2009).

the	goal	of	weather	pred�ct�on	�s	to	prov�de	�nformat�on	that	people	and	
organ�zat�ons—�nclud�ng	publ�c	offic�als,	government	agenc�es,	bus�nesses,	
and	pr�vate	c�t�zens—can	use	to	reduce	weather-related	losses	and	enhance	
benefits.	Weather	and	weather	forecasts	matter	for	a	w�de	range	of	soc�etal1	
goals,	most	notably	protect�on	of	l�fe	and	property,	publ�c	health	and	safety,	
and	support	of	econom�c	prosper�ty	and	qual�ty	of	l�fe	�n	conjunct�on	w�th	
many	�ssues,	such	as	water	resource	management,	susta�nable	energy	de-
velopment	and	food	product�on,	and	transportat�on.

Weather-related	d�sasters	 result	 �n	s�gn�ficant	 loss	of	 l�fe	and	property	
and	d�srupt�on	 to	 commun�t�es	 and	bus�nesses.	Between	1980	and	2009	
there	were	96	d�sasters	�n	the	Un�ted	states	that	each	caused	at	least	a	b�ll�on	
dollars	�n	damage	due	to	very	h�gh	�mpact	weather	events	along	w�th	total	
losses	exceed�ng	$700	b�ll�on	 (ncDc,	2010;	F�gure	1.2).	on	average	 for	
the	per�od	1999	to	2008,	there	were	629	d�rectly	caused	weather	fatal�t�es	
(nWs,	2010;	F�gure	1.3),	but	averages	do	not	tell	the	whole	story.	In	1995,	
there	were	1,362	d�rect	weather	 fatal�t�es,	of	wh�ch	more	 than	half	were	
caused	by	a	severe	heat	wave	�n	ch�cago.	the	most	d�sastrous	weather	year	
�n	the	last	half	century	�n	the	Un�ted	states	was	2005,	due	�n	large	part	to	

1	econom�c	 cons�derat�ons	 are	 a	 type	 of	 soc�etal	 cons�derat�on;	 thus,	 �n	 the	 rema�nder	 of	
th�s	report,	the	term	“soc�etal”	�ncludes	“econom�c.”	the	“soc�al	sc�ences”	are	an	assembly	of	
sc�ent�fic	d�sc�pl�nes	that	address	soc�al	and	econom�c	�ssues;	see	the	�ntroductory	paragraphs	
of	chapter	2	for	a	more	deta�led	d�scuss�on.

1

Introduction
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the	destruct�on	and	death	result�ng	from	Hurr�cane	Katr�na;	�n	all,	2005	had	
nearly	1,500	d�rect	weather	fatal�t�es	and	more	than	$100	b�ll�on	�n	property	
and	crop	damages.	the	annual	�mpacts	of	adverse	weather	on	the	nat�onal	
h�ghway	 system	 and	 roads	 are	 stagger�ng:	 7,400	 weather-related	 deaths;	
1.5	 m�ll�on	 weather-related	 crashes;	 more	 than	 700,000	 weather-related	
�njur�es;	$42	b�ll�on	�n	econom�c	loss;	and	nearly	1	b�ll�on	hours	per	year	
of	weather-related	delays	(Bts,	2007).	In	add�t�on,	$4.2	b�ll�on	�s	lost	each	
year	as	a	result	of	a�r	traffic	delays	attr�buted	to	weather	(noAA,	2010).	For	
compar�son,	the	average	econom�c	loss	from	the	effects	of	a�rborne	volcan�c	

FIGURE 1.1 This figure shows weather forecasts are integral to the daily life of the U.S. 
public as well as to U.S. economic activity and public safety. It illustrates the frequent 
use of weather forecasts for different types of decisions by members of the U.S. public, 
based on results from a survey of 1,465 respondents. The survey question asked “On 
average, year round, how often do you use weather forecasts for the activities listed be-
low?” As the figure illustrates, weather forecasts are used frequently by many members 
of the U.S. public for a variety of activities. SOURCE: Lazo et al. (2009).



Copyright © National Academy of Sciences. All rights reserved.

When Weather Matters: Science and Service to Meet Critical Societal Needs

	 IntRoDUctIon	 19

ash	on	U.s.	a�r	transportat�on	�s	about	$70	m�ll�on	per	year2	(K�te-Powell,	
2001).	Weather	�s	also	a	major	factor	�n	the	complex	set	of	�nteract�ons	that	
determ�ne	a�r	qual�ty,	and	more	than	60,000	premature	deaths	each	year	are	
attr�buted	to	poor	a�r	qual�ty	(schwartz	and	Dockery,	1992).	Better	forecasts	
and	warn�ngs	are	reduc�ng	these	numbers,	but	much	more	can	be	done.

HISTORICAL DEVELOPMENTS IN U.S. WEATHER RESEARCH

the	past	15	years	have	seen	marked	progress	�n	understand�ng	weather	
processes	and	the	ab�l�ty	to	observe	and	pred�ct	the	weather.	At	the	same	
t�me,	the	Un�ted	states	has	fa�led	to	match	or	surpass	progress	�n	operat�onal	
numer�cal	weather	pred�ct�on	ach�eved	by	some	other	nat�ons	and	 fa�led	

2	th�s	average	does	not	�nclude	the	recent	eyjafjallajökull	erupt�on.	the	U.s.	state	Depart-
ment	 reported	 on	 Apr�l	 20,	 2010,	 that	 “the	 econom�c	 ram�ficat�ons	 caused	 by	 the	 act�v-
�ty	 of	 Iceland’s	 eyjafjallajökull	 volcano	 are	 mount�ng,	 w�th	 a�rl�nes	 report�ng	 losses	 on	 the	
scale	 of	 $200	 m�ll�on	 per	 day	 follow�ng	 the	 shutdown	 of	 many	 european	 a�rports,	 and	 a	
w�der	 �mpact	 mov�ng	 across	 the	 globe	 as	 trade	 goods	 transported	 by	 a�r	 have	 been	 un-
able	 to	reach	 the�r	markets.”	source: http://www.amer�ca.gov/st/bus�ness-engl�sh/2010/Apr�l/source:	http://www.amer�ca.gov/st/bus�ness-engl�sh/2010/Apr�l/
20100420163812esnamfuak6.422061e-02.html.

FIGURE 1.2 Number and magnitude of U.S. weather disasters that exceeded $1 bil-
lion for the 30-year period 1980 to 2009. Although the dashed red curve accounts for 
 inflation-adjusted damages, it does not account for the effects of increasing social 
vulnerability, increasing coastal populations, and expensive coastal development (e.g., 
Pielke et al., 2008). SOURCE: NCDC (2010).
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to	 real�ze	 the	pred�ct�on	potent�al	we	bel�eve	 �s	ach�evable.3	 In	add�t�on,	
there	has	also	not	been	a	commensurate	focus	on	the	soc�al	sc�ences	and	
the�r	role	�n	problem	�dent�ficat�on,	analys�s,	and	response.	As	a	result,	the	
Un�ted	states	�s	not	m�t�gat�ng	weather	�mpacts—death,	�njury,	d�srupt�on,	
and	property	and	econom�c	losses—to	the	extent	poss�ble.

Dur�ng	 the	 1990s,	 federal	 agenc�es	 supported	 a	 number	 of	 weather	
research	and	research-to-operat�ons	(R2o)	plann�ng	act�v�t�es.	For	example,	
the	U.s.	Weather	Research	Program	(UsWRP)	began	as	a	mult�agency	re-
search	program	whose	purpose	was	to	�dent�fy	key	gaps	�n	the	understand�ng	
and	s�mulat�on	of	all	types	of	severe	weather	and	the�r	soc�etal	�mpacts	�n	
order	to	accelerate	the	rate	at	wh�ch	weather	forecasts	were	�mproved.	the	
UsWRP	was	overseen	by	a	sc�ent�fic	steer�ng	comm�ttee	that	convened	11	

3	An	�n-depth	rev�ew	of	the	nat�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on	(noAA)	na-
t�onal	Weather	serv�ce	(nWs)	nat�onal	centers	for	env�ronmental	Pred�ct�on	(nceP)	organ�zed	
by	the	Un�vers�ty	corporat�on	for	Atmospher�c	Research	at	the	request	of	nceP	was	under	way	
at	the	t�me	of	the	2009	BAsc	summer	study	workshop.	the	rev�ew	report	was	recently	com-
pleted	and	�s	ava�lable	onl�ne	at	http://www.vsp.ucar.edu/events/nceP_rev�ews_2009.html.

FIGURE 1.3 10- and 30-year average number of fatalities directly attributable to weather 
in the United States, not including weather-caused traffic deaths. There are not 30 years 
of data available for heat-, cold-, winter storm-, or wind-related deaths; therefore only 
10-year averages are shown for these events. SOURCE: NWS (2010).
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Prospectus	Development	teams	(PDts)	and	several	commun�ty	workshops,	
whose	 purpose	 was	 to	 �dent�fy	 research	 opportun�t�es	 for	 �mprov�ng	 the	
sc�ent�fic	understand�ng	of	severe	weather	and	�ts	operat�onal	forecast�ng.	
these	PDts	and	workshops	were	the	start�ng	po�nt	for	a	number	of	efforts	
�nclud�ng	field	campa�gns	and	testbeds	that	are	operat�ng	today.	(table	1.1	
�ncludes	reports	of	the	PDts	and	UsWRP	workshops	as	well	as	the	numer-
ous	nat�onal	Research	counc�l	[nRc]	reports	that	have	addressed	weather	
research.)

MOTIVATION FOR THE CURRENT STUDy

every	few	years,	BAsc	works	w�th	�ts	core	agency	sponsors	(the	na-
t�onal	 Aeronaut�cs	 and	 space	 Adm�n�strat�on	 [nAsA],	 noAA,	 and	 the	
nat�onal	sc�ence	Foundat�on	[nsF])	to	des�gn	a	summer	study	that	serves	
as	 an	 opportun�ty	 for	 sc�ent�sts,	 �ndustry,	 and	 the	 agenc�es	 to	 exchange	
�nformat�on	and	v�ews	about	a	contemporary	�ssue.	A	major	component	of	
these	stud�es	�s	a	summer	workshop	des�gned	to	fac�l�tate	cand�d	d�scuss�on	
on	a	 top�c	 �dent�fied	by	BAsc	members	 as	 t�mely	and	 �mportant.	G�ven	
the	�mportance	of	weather	to	a	w�de	var�ety	of	stakeholders	and	soc�etal	
goals,	 and	 the	 Board’s	 consensus	 that	 U.s.	 weather	 research	 �s	 not	 cur-
rently	real�z�ng	�ts	full	potent�al,	the	2009	BAsc	summer	study	workshop	
focused	on	weather	research	and	the	trans�t�on�ng	of	research	results	�nto	
operat�ons	(R2o).

the	2009	BAsc	summer	study	workshop	exam�ned	the	progress,	pr�-
or�t�es,	and	future	d�rect�ons	of	weather	research	and	R2o	act�v�t�es	�n	the	
Un�ted	states	(Append�x	D).	the	workshop	was	des�gned	to	g�ve	the	com-
m�ttee	�nput	and	feedback	from	a	d�verse	set	of	about	50	weather	profes-
s�onals	and	stakeholders	from	academ�a,	the	pr�vate	sector,	and	government	
(Append�x	e).	In	organ�z�ng	the	2009	BAsc	summer	study	workshop,	the	
comm�ttee	drew	upon	the	broad	range	of	�ssues	�dent�fied	�n	publ�cat�ons	
that	summar�zed	the	find�ngs	of	the	var�ous	UsWRP	PDts	and	workshops	
together	w�th	numerous	reports	prepared	by	the	nRc	(table	1.1	l�sts	all	of	
the	reports	that	were	cons�dered).	the	comm�ttee	used	th�s	�nformat�on	to	
establ�sh	broad	 themes	 for	 each	of	 the	five	d�fferent	work�ng	groups	 that	
convened	at	the	2009	BAsc	summer	study	workshop	(see	Append�x	e	for	
the	workshop	agenda);	the	five	workshop	themes	were	(1)	soc�oeconom�c	
�mpacts;	 (2)	 observat�ons/data	 ass�m�lat�on/model	 development;	 (3)	 very	
h�gh	�mpact	weather;	(4)	quant�tat�ve	prec�p�tat�on	and	hydrolog�c	pred�c-
t�ons;	and	(5)	the	un�que	challenges	of	topography	and	urban�zat�on.	the	
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TABLE 1.1 Representative List of Publications Since 1995 That Provide Recommendations for 
Weather Research and Research-To-Operations.

Year Type Reference Title

1995 NEXRAD Panel NRC, 1995a Aviation Weather Services: A Call for Federal 
Leadership and Action

1995 NRC Report NRC, 1995b Toward a New National Weather Service: 
Assessment of NEXRAD Coverage and 
Associated Weather Services

1995 USWRP PDT-1 Emanuel et al., 1995 Report of the First Prospectus Development 
Team of the U.S. Weather Research Program 
to NOAA and the NSF

1996 USWRP PDT-2 Dabberdt and Schlatter, 1996 Research Opportunities from Emerging 
Atmospheric Observing and Modeling 
Capabilities

1996 USWRP PDT-3 Rotunno and Pietrafesa, 1996 Coastal Meteorology and Oceanography

1997 USWRP PDT-4 Smith et al., 1997 Local and Remote Effects of Mountains on 
Weather: Research Needs and Opportunities

1997 USWRP PDT-6 Pielke et al., 1997 Societal Aspects of Weather

1997 USWRP PDT-7 Emanuel et al., 1997 Observations in Aid of Weather Prediction for 
North America

1997 USWRP Workshop USWRP, 1997a Workshop on the Social and Economic 
Impacts of Weather

1997 USWRP Workshop USWRP, 1997b Hurricane Landfall Workshop

1997 USWRP Workshop USWRP, 1997c Workshop on Data Assimilation

1998 NRC Report NRC, 1998a The Atmospheric Sciences: Entering the 21st 
Century 

1998 NRC Report NRC, 1998b The Meteorological Buoy and Coastal Marine 
Automated Network for the United States

1998 USWRP PDT-5 Marks and Shay, 1998 Landfalling Tropical Cyclones: Forecast 
Problems and Associated Research 
Opportunities

1998 USWRP PDT-8 Fritsch et al., 1998 Quantitative Precipitation Forecasting

2000 NRC Report NRC, 2000a Assessment of the Current Status of the U.S. 
Weather Research Program

2000 NRC Report NRC, 2000b From Research to Operations: Weather 
Satellites and Numerical Weather Prediction: 
Crossing the Valley of Death

2000 USWRP PDT-9 Droegemeier et al., 2000 Hydrological Aspects of Weather Prediction 
and Flood Warnings

2000 USWRP PDT-10 Dabberdt et al., 2000 Forecast Issues in the Urban Zone

2000 USWRP Workshop USWRP, 2000 Workshop on the Weather Research Needs of 
the Private Sector

2002 NRC Report NRC, 2002 Weather Radar Technology Beyond NEXRAD

2002 USWRP Workshop USWRP, 2002 Warm Season QPF Workshop

2003 NRC Report NRC, 2003a Critical Issues in Weather Modification 
Research
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Year Type Reference Title

2003 NRC Report NRC, 2003b Fair Weather: Effective Partnerships in 
Weather and Climate Services

2003 NRC Report NRC, 2003c Tracking and Predicting Atmospheric 
Dispersion of Hazardous Material Releases: 
Implications for Homeland Security

2003 NRC Report NRC, 2003d Weather Forecasting Accuracy for FAA Traffic 
Flow Management: A Workshop Report

2003 USWRP Workshop USWRP, 2003a Workshop on Design and Development 
of Multifunctional Mesoscale Observing 
Networks in Support of Integrated 
Forecasting Systems

2003 USWRP Workshop USWRP, 2003b Air Quality Forecasting Workshop

2004 NRC Report NRC, 2004 Where the Weather Meets the Road: A 
Research Agenda for Improving Road Weather 
Services

2004 USWRP PDT-11 Dabberdt et al., 2004 Meteorological Research Needs for Improved 
Air Quality Forecasting

2005 NRC Report NRC, 2005a Flash Flood Forecasting Over Complex Terrain: 
With an Assessment of the Sulphur Mountain 
NEXRAD in Southern California

2005 NRC Report NRC, 2005b Improving the Scientific Foundation for 
Atmosphere-Land-Ocean Simulations

2006 NRC Report NRC, 2006a Completing the Forecast: Characterizing 
and Communicating Uncertainty for Better 
Decisions Using Weather and Climate 
Forecasts

2006 NRC Report NRC, 2006b Toward a New Advanced Hydrologic 
Prediction Service

2007 NRC Report NRC, 2007a Earth Science and Applications from Space: 
National Imperatives for the Next Decade and 
Beyond

2007 NRC Report NRC, 2007b Environmental Data Management at NOAA: 
Archiving, Stewardship, and Access

2007 NRC Report NRC, 2007c Strategic Guidance for the National Science 
Foundation’s Support of the Atmospheric 
Sciences: An Interim Report

2008 NRC Report NRC, 2008a Evaluation of the Multifunction Phased Array 
Radar Planning Process

2008 NRC Report NRC, 2008b Satellite Observations to Benefit Science and 
Society: Recommended Missions for the Next 
Decade

2009 NRC Report NRC, 2009b Observing Weather and Climate from the 
Ground Up: A Nationwide Network of 
Networks
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five	 work�ng	 groups	 then	 �dent�fied	 research	 and	 trans�t�onal	 problems,	
challenges,	needs,	and	opportun�t�es	�n	e�ght	overlapp�ng	areas	that	frame	
the	organ�zat�on	of	th�s	report:

•	 soc�oeconom�cs,
•	 observat�ons,
•	 weather	model�ng	and	pred�ctab�l�ty,
•	 hydrolog�c	model�ng,
•	 quant�tat�ve	prec�p�tat�on	est�mat�on	and	forecast�ng,
•	 �mpacts	forecast�ng,
•	 urban	weather,	and
•	 renewable	energy	s�t�ng	and	product�on.

the	contents	of	th�s	report	are	based	on	both	the	2009	BAsc	summer	
study	workshop	and	�ts	work�ng	group	del�berat�ons,	as	well	as	the	expert�se	
and	judgment	of	the	comm�ttee	members	and	the�r	d�scuss�ons	at	subsequent	
meet�ngs.

Achievements and Challenges

In	assess�ng	the	state	of	U.s.	weather	research	and	operat�ons,	the	rate	
of	progress,	and	the	need	for	advanc�ng	research	and	trans�t�on�ng	results	
�nto	operat�ons,	 �t	 �s	helpful	 to	�dent�fy	a	basel�ne	or	reference	po�nt.	the	
comm�ttee	exam�ned	progress	over	the	past	15	or	so	years	because	that	�s	
an	�nterval	long	enough	to	assess	ach�evement	yet	short	enough	to	gauge	
the	recent	rate	of	progress.	It	also	�s	a	per�od	when	numerous	rev�ews	and	
assessments	were	undertaken.

one	study	�n	part�cular,	The Atmospheric Sciences Entering the Twenty-
First Century	(nRc,	1998b),	stands	out	for	�ts	breadth	and	depth.	the	report	
�dent�fied	 two	 �mperat�ves	 and	 three	 major	 research	 recommendat�ons.	
the	�mperat�ves	were	seen	as	cr�t�cal	and	they	const�tuted	that	study’s	two	
h�ghest	pr�or�ty	recommendat�ons.	Both	�mperat�ves	perta�ned	to	the	state	of	
observat�ons,	and	the	need	for	(1)	opt�m�z�ng	and	�ntegrat�ng	ex�st�ng	obser-
vat�on	capab�l�t�es,	and	(2)	develop�ng	new	observat�on	capab�l�t�es.	It	�s	not	
surpr�s�ng,	then,	that	the	present	study	also	�dent�fied	a	s�m�larly	w�despread	
need	 for	 �mproved	 observat�ons	 throughout	 the	 set	 of	 recommendat�ons.	
th�s	need	was	further	art�culated	�n	the	decadal	survey,	Earth Science and 
Applications from Space: National Imperatives for the Next Decade and 
Beyond	(nRc,	2007a)	that	brought	cr�t�cal	attent�on	to	the	deter�orat�on	of	
U.s.	satell�te	observ�ng	capab�l�t�es.
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the	major	research	recommendat�ons	of	the	21st Century	report	were	
both	 d�verse	 �n	 the�r	 scope	 and	 �ns�ghtful	 �n	 the�r	 relevance.	 the	 report	
called	for

1.	resolut�on	of	�nteract�ons	at	atmospher�c	boundar�es	and	among	d�f-
ferent	scales	of	flow;

2.	extens�on	of	a	d�sc�pl�ned	forecast	process	to	new	areas	such	as	cl�-
mate,	chem�stry,	a�r	qual�ty,	and	space	weather;	and

3.	 �n�t�at�on	of	stud�es	of	emerg�ng	areas,	�nclud�ng	cl�mate,	weather	and	
health,	water	resources,	and	rap�dly	�ncreas�ng	em�ss�ons	to	the	atmosphere.

s�nce	the	m�d-1990s	and	the	release	of	the	21st Century	report,	the	Un�ted	
states	has	ach�eved	an	�mpress�ve	array	of	advances	both	�n	weather	research	
and	 �n	 trans�t�on�ng	 many	 research	 results	 �nto	 operat�ons.	 Among	 those	
�mportant	ach�evements,	the	follow�ng	are	several	notable	examples:

•	 complet�ng	full	�mplementat�on	�n	1997	of	the	nWs	Modern�zat�on	
Program	(e.g.,	nRc,	1999)	that	had	begun	�n	the	1980s,	h�ghl�ghted	by	�ts	
capstone	project—deployment	of	166	WsR-88D	neXRAD	Doppler	radars,	
and	subsequently	�n�t�at�ng	a	program	�n	2009	to	field	test	the	feas�b�l�ty	of	
upgrad�ng	 these	 radars	w�th	dual-polar�zat�on	capab�l�ty	 for	 hydrometeor	
class�ficat�on	and	�mproved	quant�tat�ve	prec�p�tat�on	est�mat�on

•	 Doubl�ng	 tornado	warn�ng	 lead	 t�mes	 from	6	m�nutes	 �n	 the	early	
1990s	 to	 about	 13	 m�nutes	 �n	 the	 current	 decade,	 wh�le	 almost	 tr�pl�ng	
flash	flood	warn�ng	 t�mes	 from	17	 to	45	m�nutes	over	 the	 same	 �nterval.	
Unfortunately,	the	annual	average	number	of	tornado	deaths	for	the	6-year	
per�od	2000	to	2005	was	44,	wh�ch	�s	unchanged	from	the	correspond�ng	
average	for	1990	to	1995.

•	 Decreas�ng	the	72-hour	mean	hurr�cane	track	forecast	error	for	the	
Atlant�c	Bas�n	from	approx�mately	480	km	(1991–1995)	to	approx�mately	
280	km	(2003–2008),	and	decreas�ng	the	correspond�ng	24-hour	mean	error	
from	approx�mately	150	km	to	approx�mately	110	km

•	 Develop�ng	more	soph�st�cated	research	ensemble	and	probab�l�st�c	
research	pred�ct�ons,	and	advanced	research	data	ass�m�lat�on	systems

•	 Implement�ng	a	number	of	�nfrastructure	programs	to	fac�l�tate	test-
�ng	 research	products	and	 the�r	 trans�t�on	 to	operat�ons,	 such	as	 the	 Jo�nt	
center	 for	satell�te	Data	Ass�m�lat�on,	 the	Developmental	testbed	center,	
and	numerous	testbeds	(e.g.,	hurr�cane	and	hydrolog�c	testbeds)

•	 Implement�ng	 �n	 2004	 a	 l�m�ted-area	 operat�onal	 24-hour	 pred�c-
t�on	product	 for	near-surface	1-	 and	8-hour	ozone	concentrat�ons,	 and	a	
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correspond�ng	 conUs	 (cont�guous	 Un�ted	 states)	 capab�l�ty	 that	 went	
operat�onal	�n	2007

•	 establ�sh�ng	�n	1994,	the	nat�on’s	first	comprehens�ve	statew�de	sur-
face	mesonet	�n	oklahoma,	wh�ch	has	s�nce	bu�lt	out	to	�nclude	120	sta-
t�ons.	today	there	are	about	70	d�sparate	federal,	state,	local,	and	pr�vate	
mesonets	 throughout	 the	 country	 compr�s�ng	 more	 than	 27,500	 surface	
stat�ons.4

Although	 the	 l�st	 of	 accompl�shments	 �s	 �mportant	 and	 encourag�ng,	
there	 are	 numerous	 areas	 where	 much	 more	 needs	 to	 be	 done	 to	 better	
observe	and	understand	weather	processes,	more	accurately	and	 rel�ably	
pred�ct	weather	and	weather	�mpacts,	and	m�t�gate	the	negat�ve	and	often	
d�sastrous	human,	econom�c,	and	phys�cal	consequences	of	weather	(F�gure	
1.4).	examples	of	current	challenges	�nclude	the	follow�ng:

•	 neXRAD,	 the	 U.s.	 weather	 radar	 network,	 �s	 unable	 to	 observe	
three-quarters	of	the	planetary	boundary	layer,	where	people	l�ve	and	much	
weather	�s	spawned.

•	 today,	forecasts	prov�de	pred�ct�ons	of	weather	var�ables,	but	pred�c-
t�ons	of	weather	�mpacts	would	also	be	valuable.

•	 Forecasts	of	w�nd	and	solar	�rrad�ance	for	alternat�ve	(or	renewable)	
energy	product�on	and	management	are	�n	the�r	�nfancy	and	are	woefully	
�nadequate.

•	 Improved	observat�onal	 capab�l�t�es	 for	 so�l	mo�sture	and	profil�ng	
the	lower	atmosphere	are	lack�ng	yet	w�dely	and	urgently	needed.

•	 U.s.	satell�te	capab�l�t�es	are	deter�orat�ng.
•	 Hydrolog�c	forecasts	are	needed	to	better	pred�ct	flood�ng,	save	l�ves	

and	property,	and	manage	water	resources.
•	 Hurr�cane	�ntens�ty	forecasts	st�ll	have	alarm�ngly	low	sk�ll,	as	does	

the	 quant�tat�ve	 pred�ct�on	 of	 warm-season	 prec�p�tat�on;	 both	 are	 major	
challenges	�n	weather	and	�mpacts	pred�ct�on.

Charge and Approach

the	comm�ttee	was	charged	(Append�x	D)	w�th	us�ng	the	�nformat�on	
and	�ns�ght	from	the	2009	BAsc	summer	study	workshop	and	prev�ously	
publ�shed	works	to	address	quest�ons	about	U.s.	weather	research	and	R2o	
act�v�t�es:	What	has	and	has	not	been	ach�eved?	What	may	no	longer	be	rel-

4	see	http://mad�s.noaa.gov/mesonet_prov�ders.html.
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FIGURE 1.4 The Great Galveston Hurricane of September 8, 1900 destroyed the city and killed more than 
8,000 people (top). More than a century later on August 29, 2005, Hurricane Katrina made landfall on the 
Louisiana coast, inundating the city of New Orleans and neighboring areas (bottom). Despite a nearly 
perfect 48-hour track forecast, Katrina caused more than 1,000 direct weather fatalities and more than $81 
billion in property and crop damages. SOURCE: NOAA (2007) and iStock Photo.
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evant?	What	current	�ssues	were	not	prev�ously	ant�c�pated?	And	what	could	
be	done	�n	the	short	term	to	re�nv�gorate	agency	and	�nteragency	plann�ng	
for	weather	research	and	R2o	act�v�t�es	�n	the	Un�ted	states?	It	�s	�mportant	
to	note	that	th�s	study	does	not	cr�t�que	earl�er	UsWRP	or	nRc	documents,	
nor	does	�t	formally	rev�ew	current	agency	plann�ng	documents.

th�s	report	represents	a	sense	of	the	weather	commun�ty	as	d�scussed	
by	the	workshop	part�c�pants	and	the	comm�ttee;	�t	�s	not	a	comprehens�ve,	
�n-depth	assessment	of	the	state	of	U.s.	weather	research	and	the	trans�t�on	
of	research	find�ngs	and	products	�nto	operat�ons.	Further,	the	report	does	
not	 seek	 to	address	 �mportant	 �ssues	un�quely	 related	 to	cl�mate	 research	
nor	does	�t	touch	on	�ntra-	and	�nteragency	organ�zat�onal	procedures	and	
pract�ces.	Instead,	the	report	puts	forth	the	comm�ttee’s	judgment	on	the	most	
press�ng	h�gh-level,	weather-focused	research	challenges	and	R2o	needs,	
and	makes	correspond�ng	recommendat�ons.

Organization of the Report

th�s	 report	 covers	 three	 broad	 areas—soc�oeconom�cs,	 establ�shed	
needs,	 and	emerg�ng	needs.	chapter	2	 focuses	on	 the	press�ng	and	per-
vas�ve	need	 for	 soc�oeconom�c	 research	and	appl�cat�ons	 �n	v�rtually	all	
top�cal	areas.	soc�oeconom�c	cons�derat�ons	are	presented	first	to	avo�d	the	
too-often	stereotyp�ng	 that	has	occurred	 �n	 the	past	when	soc�al	 sc�ence	
has	been	cons�dered	only	 �n	h�nds�ght	 rather	 than	as	a	pr�mary	element	
of	 the	problem	and	 the	 solut�on.	 soc�oeconom�c	 cons�derat�ons	prov�de	
much	of	the	mot�vat�on	for	research	and	R2o	act�v�t�es	�n	nonhydrostat�c	
model�ng,	quant�tat�ve	prec�p�tat�on	forecast�ng	and	hydrolog�c	pred�ct�on,	
and	mesoscale	observat�ons.	such	cons�derat�ons	are	also	an	�ntegral	part	
of	 very	h�gh	 �mpact	weather,	 urban	meteorology,	 and	 renewable	 energy	
product�on.	 soc�oeconom�c	 needs	 also	 mot�vate	 and	 support	 a	 grow�ng	
emphas�s	 on	 understand�ng	 the	 l�nkages	 between	 cl�mate	 and	 weather	
through	a	spectrum	of	spat�al	and	temporal	scales.	thus,	soc�oeconom�c	
cons�derat�ons	are	woven	throughout	the	meteorolog�cal	commun�ty’s	ac-
t�v�t�es	and	�ts	pr�or�t�es.

chapter	3	covers	four	top�cal	areas	that	have	been	addressed	�n	prev�-
ous	stud�es	but	that	cont�nue	to	requ�re	cons�derable	attent�on,	albe�t	w�th	
�ncreased	 pr�or�ty,	 resources,	 and	 a	 sense	 of	 urgency.	 these	 are	 labeled	
established	needs	for	weather	research	and	the	trans�t�on	of	research	results	
�nto	 operat�ons.	 Four	 establ�shed	 needs	 are	 �dent�fied.	 All	 are	 �n	 var�ous	
stages	of	development	but	none	have	been	resolved	desp�te	hav�ng	been	
�dent�fied	as	press�ng	 �n	numerous	prev�ous	 stud�es.	the	 four	 establ�shed	
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needs	and	�ssues	�nclude	global	nonhydrostat�c	coupled	model�ng,	quant�-
tat�ve	prec�p�tat�on	est�mat�on	and	forecast�ng,	hydrolog�c	pred�ct�on,	and	
mesoscale	observat�ons.

chapter	4	addresses	several	research	and	R2o	needs	that	have	come	to	
be	recogn�zed	�n	the	Un�ted	states	over	the	past	5	to	10	years	as	�ncreas-
�ngly	�mportant,	but	that	are	only	�n	the	early	stages	of	understand�ng	or	
�mplementat�on.	these	are	labeled	emerging	weather	research	and	tran-
s�t�onal	needs,	 �n	contrast	 to	the	establ�shed	needs	d�scussed	�n	chapter	
3.	three	h�gh-pr�or�ty	emerg�ng	needs	were	�dent�fied	�n	the	2009	BAsc	
summer	 study	 workshop	 and	 subsequent	 comm�ttee	 d�scuss�ons;	 they	
are	very	h�gh	�mpact	weather,	urban	meteorology,	and	renewable	energy	
product�on.	 the	 reader	 may	 wonder	 why	 very	 h�gh	 �mpact	 weather	 �s	
�ncluded	here	as	an	emerg�ng	need	rather	than	�n	the	preced�ng	chapter	
as	one	of	several	establ�shed	needs.	the	answer	l�es	�n	the	emphas�s	on	
forecast�ng	weather	�mpacts	�n	conjunct�on	w�th	the	trad�t�onal	focus	on	
forecast�ng	weather	per	se.	Urban	meteorology	had	been	recogn�zed	�n	the	
Un�ted	states	�n	the	1960s	as	an	�mportant	top�c,	and	much	sem�nal	urban	
meteorolog�cal	research	was	conducted	unt�l	the	early	1980s	when	�t	was	
abruptly	deemphas�zed.	A	 reemphas�s	on	 the	meteorology	of	 the	urban	
zone	and	�ts	soc�etal	�mport	began	aga�n	�n	the	1990s	and	cont�nues	today.	
Lastly,	the	meteorolog�cal	challenges	assoc�ated	w�th	the	spec�al	needs	of	
the	renewable	energy	�ndustry	have	come	�nto	sharp	focus	over	the	past	5	
or	so	years.	In	all	three	emerg�ng	areas,	much	rema�ns	to	be	done.

V�rtually	all	research	and	trans�t�onal	needs	have	both	establ�shed	and	
emerg�ng	aspects,	and	so	many	of	the	establ�shed	challenges	and	needs	c�ted	
�n	chapter	3	are	closely	coupled	to	the	emerg�ng	needs	d�scussed	�n	chapter	
4,	and	v�ce	versa.	A	few	research	and	R2o	needs,	such	as	hurr�cane	track	
and	�ntens�ty	forecast�ng	and	a�r	qual�ty	pred�ct�on,	are	consp�cuous	by	the�r	
absence	as	named	sect�ons	�n	the	report.	However,	they	are	�ncluded	�n	the	
d�scuss�ons	w�th�n	several	of	the	other	sect�ons	(e.g.,	global	nonhydrostat�c	
coupled	model�ng,	urban	meteorology,	and	very	h�gh	 �mpact	weather,	 to	
name	but	three).

F�nally,	 chapter	 5	 prov�des	 a	 few	 summary	 comments	 wh�le	 the	 ap-
pend�xes	 prov�de	 references,	 defin�t�ons	 of	 acronyms	 and	 abbrev�at�ons,	
b�ograph�cal	sketches	of	the	comm�ttee	members,	and	deta�ls	of	the	2009	
BAsc	summer	study	workshop	that	served	as	the	backbone	of	the	study.

THE CHALLENGE

It	 �s	cruc�al	 that	 the	weather	enterpr�se	address	 these	establ�shed	and	
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emerg�ng	 �ssues	and	the	research	needed	to	develop	the	capac�ty	 to	deal	
w�th	them,	and	transfer	�mportant	research	results	�nto	operat�ons.	We	need	
to	start	by	recogn�z�ng	that	as	the	world	and	the	Un�ted	states’	challenges	
have	 changed,	 the	 sc�ent�fic	 research	 pr�or�t�es	 and	 operat�onal	 pr�or�t�es	
need	to	change	as	well.	As	such,	th�s	report	and	�ts	recommendat�ons	are	
relevant	 to	all	part�es	 �n	 the	weather	enterpr�se:	agency	dec�s�on	makers,	
pol�cy	 makers,	 research	 sc�ent�sts,	 pr�vate-sector	 appl�cat�ons	 spec�al�sts,	
teachers,	publ�c	and	pr�vate	user	groups	and	organ�zat�ons,	and	the	general	
publ�c.	In	part�cular,	th�s	report	�s	�ntended	to	�nform	nAsA,	noAA,	and	nsF	
program	managers	and	pol�cy	makers	of	the	many	pr�or�t�es	that	need	to	be	
addressed	�n	gu�d�ng	the	future	of	U.s.	weather	research	and	operat�ons.
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Understand�ng	and	address�ng	soc�oeconom�c	aspects	of	weather	pre-
d�ct�on	�s	cr�t�cal	for	the	weather	commun�ty	to	reach	�ts	goals	and	for	soc�ety	
to	fully	benefit	from	advances	�n	weather	pred�ct�on.	to	date,	the	weather	
pred�ct�on	commun�ty	and	soc�ety	are	st�ll	 far	 from	ach�ev�ng	the	full	po-
tent�al	 that	comes	from	�ntegrat�ng	soc�al	sc�ences	expert�se	w�th	weather	
research	and	research	to	operat�ons	(R2o).

As	d�scussed	�n	the	�ntroduct�on,	weather	and	weather	�nformat�on	affect	
a	w�de	range	of	soc�oeconom�c	sectors	and	dec�s�ons.	soc�oeconom�c	con-
s�derat�ons	are	fundamental	�n	determ�n�ng	how,	when,	and	why	the	weather	
�nformat�on	 produced	 by	 research	 and	 R2o	 act�v�t�es	 �s,	 or	 �s	 not,	 used.	
thus,	 soc�oeconom�cs	 �s	 an	 extremely	 �mportant	 component	 of	 weather	
research	 and	 the	 transfer	 of	 research	 results	 to	 operat�ons	 (and	 also	 the	
transfer	of	operat�ons	knowledge	and	exper�ence	back	to	research—o2R).	
Yet	the	weather	pred�ct�on	enterpr�se	st�ll	lacks	�nterd�sc�pl�nary	capac�ty	to	
understand	and	address	soc�oeconom�c	�ssues.	As	a	result,	soc�oeconom�c	
expert�se	�s	underut�l�zed	�n	the	weather	commun�ty,	and	the	potent�al	value	
of	soc�oeconom�c	cons�derat�ons	�n	plann�ng	and	execut�ng	weather	act�v�-
t�es	has	not	been	fully	ach�eved.	In	the	same	way	that	there	are	major	gaps	
�n	weather	research	and	R2o,	there	are	also	gaps	�n	research	and	R2o	�n	
soc�oeconom�cs	of	weather	that,	when	filled,	w�ll	substant�ally	benefit	the	
weather	commun�ty	and,	more	�mportantly,	soc�ety	at	large.	Unless	and	unt�l	
these	gaps	are	filled,	the	value	of	the	work	of	the	weather	commun�ty	w�ll	
not	be	fully	real�zed	�n	the	broader	context	of	advanc�ng	weather	pred�ct�on	
capab�l�t�es	for	soc�etal	benefit.

the	 �mportance	 of	 �ntegrat�ng	 soc�oeconom�c	 cons�derat�ons	 �nto	
weather	research	and	R2o	emerged	as	a	strong	theme	at	the	2009	Board	
on	 Atmospher�c	 sc�ences	 and	 cl�mate	 (BAsc)	 summer	 study	 workshop.	
soc�oeconom�c	 themes	 have	 been	 d�scussed	 by	 other	 groups	 exam�n�ng	
major	 �ssues	 �n	 meteorology,	 �nclud�ng	 prev�ous	 nRc	 comm�ttees	 (e.g.,	

2

Socioeconomic Research  
and Capacity



Copyright © National Academy of Sciences. All rights reserved.

When Weather Matters: Science and Service to Meet Critical Societal Needs

32	32	 WHen	WeAtHeR	MAtteRs

nRc,	1998b,	2006a),	the	nat�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on	
(noAA)	sc�ence	Adv�sory	Board	 (nsAB,	2003,	2009),	 the	World	Meteo-
rolog�cal	organ�zat�on	 (Rogers	et	al.,	2007),	 the	 �nternat�onal	tHoRPeX1	
program	 (Morss	 et	 al.,	 2008b;	 shap�ro	 and	 thorpe,	 2004),	 and	 UsWRP	
PDt	reports	(emanuel	et	al.,	1995;	P�elke	et	al.,	1997).	Yet	the	2009	BAsc	
summer	study	workshop	represented	the	first	t�me	that	soc�oeconom�c	�s-
sues	have	been	d�scussed	as	a	core	pr�or�ty	�n	weather	pred�ct�on	research	
and	R2o	at	the	level	of	an	nRc	comm�ttee	and	workshop.	Integrat�on	of	
soc�oeconom�c	cons�derat�ons	was	v�ewed	by	workshop	part�c�pants	from	a	
var�ety	of	d�sc�pl�nes	and	backgrounds	as	�mportant	�n	general	for	meet�ng	
weather	commun�ty	and	soc�etal	needs,	and	more	spec�fically	to	address	the	
establ�shed	and	emerg�ng	weather	research	and	R2o	needs	that	are	�dent�-
fied	�n	chapters	3	and	4	of	th�s	report.	Ach�ev�ng	th�s	�ntegrat�on	requ�res	
�ncorporat�ng	knowledge	and	tools	from	the	soc�al	sc�ences.

the	 soc�al	 sc�ences	 are	 an	 assembly	of	 sc�ent�fic	d�sc�pl�nes	 that	 ad-
dress	soc�al	and	econom�c	�ssues	w�th	r�gorous	theory	and	methods.	these	
d�sc�pl�nes	each	have	spec�fic	knowledge,	approaches,	and	expert�se	 that	
can	contr�bute	substant�vely	to	the	goal	of	understand�ng	soc�ety’s	weather-
related	 needs	 and	 prov�d�ng	 usable	 weather	 �nformat�on	 to	 stakeholders,	
�nclud�ng	 publ�c	 offic�als,	 �ndustry,	 and	 members	 of	 the	 publ�c.	 soc�al	
sc�ence	 d�sc�pl�nes	 that	 can	 benefit	 weather	 research	 and	 R2o	 �nclude	
econom�cs,	human	geography,	pol�t�cal	sc�ence,	publ�c	pol�cy,	commun�ca-
t�on,	anthropology,	soc�ology,	and	psychology.	Interd�sc�pl�nary	fields	that	
�ntegrate	soc�al	and	phys�cal	sc�ences,	such	as	env�ronmental	sc�ence,	r�sk	
commun�cat�on,	and	natural	hazards,	can	also	make	�mportant	contr�but�ons	
to	produc�ng	usable	weather	�nformat�on.

Although	th�s	chapter	focuses	mostly	on	�nformat�on	related	to	weather	
forecasts,	current	and	h�stor�cal	weather	 �nformat�on	also	have	s�gn�ficant	
soc�etal	value.	examples	�nclude	the	use	of	w�nd	data	for	s�t�ng	w�nd	energy	
fac�l�t�es	and	�nformat�on	about	past	hazardous	weather	events	for	publ�c-	
and	pr�vate-sector	management	of	future	hazardous	weather	r�sks.	the	pr�-
or�t�es	and	mechan�sms	d�scussed	below	are	also	appl�cable	to	benefit	the	
use	and	value	of	these	types	of	weather	�nformat�on.

RECENT TRENDS

soc�etal	needs	have	a	long	h�story	of	be�ng	cons�dered	�n	weather	pred�c-
t�on,	and	dur�ng	the	past	15	years,	soc�oeconom�c	�ssues	�n	weather	pred�c-

1	tHoRPeX	or�g�nally	was	denoted	as	“the	observ�ng	system	Research	and	Pred�ctab�l�ty	
exper�ment,”	but	that	term�nology	�s	no	longer	used.
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t�on	have	been	d�scussed	�n	a	number	of	d�fferent	venues.	For	example,	the	
U.s.	Weather	Research	Program	(UsWRP)	sponsored	a	Prospectus	Develop-
ment	team	(PDt–6)	focused	on	soc�oeconom�c	aspects	of	weather	pred�c-
t�on	and	related	pr�or�t�es.	the	PDt–6	report	(P�elke	et	al.,	1997)	d�scussed	
the	benefits	of	�ntegrat�ng	soc�etal-aspects	research	�nto	weather	pred�ct�on	
efforts	and	found	that	desp�te	the	recogn�zed	�mportance	of	soc�etal	aspects	
of	weather,	th�s	area	has	rece�ved	too	l�ttle	attent�on	for	too	long.	Pr�or�t�es	
�dent�fied	�n	the	PDt–6	report	�ncluded	�ntegrat�ng	users	�nto	all	aspects	of	
weather	pred�ct�on	efforts,	and	not	just	at	the	“end	of	the	l�ne.”	the	nRc	
21st Century	report	(1998b)	�dent�fied	soc�etal	cons�derat�ons	as	�mportant,	
and	�t	�ncluded	them	�n	Imperat�ve	1	(opt�m�ze	and	Integrate	observat�on	
capab�l�t�es)	and	Leadersh�p	and	Management	Recommendat�on	3	(Assess	
Benefits	and	costs).	However,	the	nRc	21st Century	report	d�d	not	�dent�fy	
soc�oeconom�c	research	or	R2o	as	spec�fic	pr�or�t�es.

some	progress	has	been	made	toward	the	goals	�dent�fied	by	PDt–6.	
soc�etal	aspects	of	weather	are	rece�v�ng	greater	attent�on	w�th�n	the	weather	
pred�ct�on	commun�ty.	they	are	often	a	 top�c	of	 s�gn�ficant	d�scuss�on	at	
commun�ty	 meet�ngs,	 such	 as	 the	 2009	 BAsc	 summer	 study	 workshop	
and	 recent	Amer�can	 Meteorolog�cal	 soc�ety	 (AMs)	 summer	 commun�ty	
meet�ngs.2	the	AMs	sympos�um	on	Pol�cy	and	soc�o-econom�c	Research,	
wh�ch	has	been	held	annually	s�nce	2006,	has	been	grow�ng	rap�dly,	and	�n	
recogn�t�on	of	the	�ncreas�ng	�nterest	�n	th�s	area,	�n	2009	the	AMs	launched	
a	new	journal	Weather, Climate, and Society.	User	needs	are	be�ng	�ncor-
porated	 �nto	 some	 weather	 pred�ct�on	 efforts	 earl�er	 �n	 the	 research	 and	
development	process;	examples	�nclude	the	d�scuss�ons	of	emerg�ng	needs	
�n	chapter	4	of	th�s	report	and	the	nat�onal	sc�ence	Foundat�on	(nsF)	col-
laborat�ve	Adapt�ve	sens�ng	of	the	Atmosphere	(cAsA)	eng�neer�ng	Research	
center	(Box	2.1).	the	weather	pred�ct�on	commun�ty	now	often	�ncludes	the	
�nput	of	at	least	one	soc�al	or	�nterd�sc�pl�nary	sc�ent�st	�n	�mportant	d�scus-
s�ons.	For	example,	�n	recent	years,	nRc	comm�ttees	address�ng	soc�etally	
relevant	�ssues	�n	meteorology	have	typ�cally	�ncluded	soc�al	sc�ent�sts	and	
�nterd�sc�pl�nary	experts.	th�s	represents	s�gn�ficant	progress	over	the	past	
decade.

However,	soc�etal	cons�derat�ons	do	not	yet	have	a	full	vo�ce,	and	soc�al	
sc�ences	are	not	yet	recogn�zed	as	full	and	equal	partners	�n	most	weather	
research	and	R2o	efforts.	the	soc�al	sc�ences	�nclude	mult�ple	areas	of	rel-
evant	expert�se	and	methodolog�cal	approaches;	one	or	two	�nd�v�duals	can	
prov�de	only	a	subset	of	the	soc�al	sc�ence	perspect�ves	that	can	be	useful	

2	see	http://www.ametsoc.org/boardpges/cwce/docs/Bec/�ndex.html.
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BOX 2.1
Examples of Successes in Integrated Work on Socioeconomics of 
Weather

Over the years, a variety of research and R2O efforts have addressed socioeco-
nomic aspects of weather. Six examples of current programs that do so by inte-
grating social sciences and meteorology are provided here. Each has a different 
focus and strategy. These programs demonstrate how such integrated programs 
can enhance weather community efforts and help society benefit from meteoro-
logical advances.

The Collaborative Adaptive Sensing of the Atmosphere (CASA)1 center is 
an interdisciplinary effort aimed at developing dense networks of small radars to 
“revolutioniz[e] our ability to observe, understand, predict and respond to hazard-
ous weather events.” Funded as an NSF Engineering Research Center since 2003, 
CASA is a partnership among governmental, industrial, and academic entities. The 
center has included social science and end-user components since its inception. 
Recent integrated CASA successes include studies of emergency management 
decision making, public response to severe weather, and user-defined adaptive 
radar scanning strategies (e.g., Bass et al., 2009; McLaughlin et al., 2009; Philips 
et al., 2007; Rodriguez et al., 2010) and a demonstration of CASA’s end-to-end 
approach during the May 13, 2009 tornado event (Philips et al., 2009).

The Communicating Hurricane Information (CHI)2 program is a joint NOAA–
NSF solicitation “focusing on advancing fundamental understanding of the commu-
nication of hurricane outlooks, forecasts, watches, and warnings both to decision 
makers (i.e., emergency managers, elected officials) and to the general public.” As 
of 2009, five programs were being funded with total funding of approximately $2 
million. This program illustrates how agencies can partner to support integrated 
weather–society work that simultaneously advances fundamental understanding 
and addresses mission agency needs. It also illustrates how well-designed re-
search initiatives can entrain social scientists with a variety of expertise into ad-
dressing weather forecasting issues.

The University of Washington Probability Forecast (PROBCAST)3 project is a 
“prototype and test bed for exploring the best approaches for communicating high-
resolution uncertainty information to a large and varied user community” (Mass et 
al., 2009). This research and applications effort, which integrates work in meteorol-
ogy, statistics, and psychology, developed over approximately 10 years with funding 
from NSF and the Department of Defense (DOD). Recent PROBCAST successes 
include research studies examining how people interpret and use probabilistic 

information (Joslyn et al., 2009) and the PROBCAST Web-based portal that dis-
seminates weather forecast uncertainty information.

The Collaborative Program on the Societal Impacts and Economic Benefits of 
Weather Information (SIP)4 was founded in 2004 to “improve societal gains from 
weather forecasting by infusing social science research, methods, and capabilities 
into the Weather Enterprise.” SIP is hosted at NCAR in Boulder, Colorado, with 
support from NOAA (through the U.S. Weather Research Program) and NSF, as 
well as from research grants. Recent SIP successes include results from a nation-
wide survey examining the public’s sources, perceptions, and uses of and values 
for, weather forecast information, including forecast uncertainty (Lazo et al., 2009, 
Morss et al., 2008a, 2010), a working group and workshop (Gladwin et al., 2007) 
that helped initiate the NOAA–NSF CHI program solicitation (see above); and the 
WAS*IS program (see below).

The Social Science Woven into Meteorology (SSWIM)5 program “promotes col-
laborative research and partnerships between the social sciences and the physical 
sciences to enhance societal relevance and to reduce the human risk from atmo-
spheric and related hazards.” SSWIM was founded in 2008 at the National Weather 
Center in Norman, Oklahoma, and is supported by NOAA and the University of 
Oklahoma. Recent SSWIM successes include cohosting 2008 and 2009 work-
shops6 with NOAA’s Hazardous Weather Testbed and Global Systems Division to 
improve the development of new hazardous weather warning products.

Weather and Society*Integrated Studies (WAS*IS)7 is a “grassroots movement 
that is changing the weather enterprise by integrating social science into meteoro-
logical research and practice in comprehensive and sustained ways.” The WAS*IS 
program focuses primarily on empowering early career participants to address 
integrated weather–society issues by introducing social science methods and 
concepts and building community through workshops (Demuth et al., 2007). The 
movement aims to help change from what WAS to what IS the future of integrated 
weather studies not by generating explicit research products, but by building ex-
posure, commitment, and capacity.

1 See http://www.casa.umass.edu/.
2 See http://www.nsf.gov/pubs/2008/nsf08551/nsf08551.htm.
3 See http://probcast.washington.edu/.
4 See http://www.sip.ucar.edu.
5 See http://www.sswim.org.
6 See http://ewp.nssl.noaa.gov/wasis2008/ and http://www.weather.gov/warningworkshop/.
7 See http://www.sip.ucar.edu/wasis.
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BOX 2.1
Examples of Successes in Integrated Work on Socioeconomics of 
Weather

Over the years, a variety of research and R2O efforts have addressed socioeco-
nomic aspects of weather. Six examples of current programs that do so by inte-
grating social sciences and meteorology are provided here. Each has a different 
focus and strategy. These programs demonstrate how such integrated programs 
can enhance weather community efforts and help society benefit from meteoro-
logical advances.

The Collaborative Adaptive Sensing of the Atmosphere (CASA)1 center is 
an interdisciplinary effort aimed at developing dense networks of small radars to 
“revolutioniz[e] our ability to observe, understand, predict and respond to hazard-
ous weather events.” Funded as an NSF Engineering Research Center since 2003, 
CASA is a partnership among governmental, industrial, and academic entities. The 
center has included social science and end-user components since its inception. 
Recent integrated CASA successes include studies of emergency management 
decision making, public response to severe weather, and user-defined adaptive 
radar scanning strategies (e.g., Bass et al., 2009; McLaughlin et al., 2009; Philips 
et al., 2007; Rodriguez et al., 2010) and a demonstration of CASA’s end-to-end 
approach during the May 13, 2009 tornado event (Philips et al., 2009).

The Communicating Hurricane Information (CHI)2 program is a joint NOAA–
NSF solicitation “focusing on advancing fundamental understanding of the commu-
nication of hurricane outlooks, forecasts, watches, and warnings both to decision 
makers (i.e., emergency managers, elected officials) and to the general public.” As 
of 2009, five programs were being funded with total funding of approximately $2 
million. This program illustrates how agencies can partner to support integrated 
weather–society work that simultaneously advances fundamental understanding 
and addresses mission agency needs. It also illustrates how well-designed re-
search initiatives can entrain social scientists with a variety of expertise into ad-
dressing weather forecasting issues.

The University of Washington Probability Forecast (PROBCAST)3 project is a 
“prototype and test bed for exploring the best approaches for communicating high-
resolution uncertainty information to a large and varied user community” (Mass et 
al., 2009). This research and applications effort, which integrates work in meteorol-
ogy, statistics, and psychology, developed over approximately 10 years with funding 
from NSF and the Department of Defense (DOD). Recent PROBCAST successes 
include research studies examining how people interpret and use probabilistic 

information (Joslyn et al., 2009) and the PROBCAST Web-based portal that dis-
seminates weather forecast uncertainty information.

The Collaborative Program on the Societal Impacts and Economic Benefits of 
Weather Information (SIP)4 was founded in 2004 to “improve societal gains from 
weather forecasting by infusing social science research, methods, and capabilities 
into the Weather Enterprise.” SIP is hosted at NCAR in Boulder, Colorado, with 
support from NOAA (through the U.S. Weather Research Program) and NSF, as 
well as from research grants. Recent SIP successes include results from a nation-
wide survey examining the public’s sources, perceptions, and uses of and values 
for, weather forecast information, including forecast uncertainty (Lazo et al., 2009, 
Morss et al., 2008a, 2010), a working group and workshop (Gladwin et al., 2007) 
that helped initiate the NOAA–NSF CHI program solicitation (see above); and the 
WAS*IS program (see below).

The Social Science Woven into Meteorology (SSWIM)5 program “promotes col-
laborative research and partnerships between the social sciences and the physical 
sciences to enhance societal relevance and to reduce the human risk from atmo-
spheric and related hazards.” SSWIM was founded in 2008 at the National Weather 
Center in Norman, Oklahoma, and is supported by NOAA and the University of 
Oklahoma. Recent SSWIM successes include cohosting 2008 and 2009 work-
shops6 with NOAA’s Hazardous Weather Testbed and Global Systems Division to 
improve the development of new hazardous weather warning products.

Weather and Society*Integrated Studies (WAS*IS)7 is a “grassroots movement 
that is changing the weather enterprise by integrating social science into meteoro-
logical research and practice in comprehensive and sustained ways.” The WAS*IS 
program focuses primarily on empowering early career participants to address 
integrated weather–society issues by introducing social science methods and 
concepts and building community through workshops (Demuth et al., 2007). The 
movement aims to help change from what WAS to what IS the future of integrated 
weather studies not by generating explicit research products, but by building ex-
posure, commitment, and capacity.

1 See http://www.casa.umass.edu/.
2 See http://www.nsf.gov/pubs/2008/nsf08551/nsf08551.htm.
3 See http://probcast.washington.edu/.
4 See http://www.sip.ucar.edu.
5 See http://www.sswim.org.
6 See http://ewp.nssl.noaa.gov/wasis2008/ and http://www.weather.gov/warningworkshop/.
7 See http://www.sip.ucar.edu/wasis.
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to	weather	pred�ct�on.	Moreover,	soc�al	sc�ent�sts	are	st�ll	often	treated	as	
consultants	on	projects,	brought	�n	once	the	act�v�ty	�s	well	under	way.	so-
c�al	sc�ent�sts	can	contr�bute	not	only	to	demonstrat�ng	or	help�ng	real�ze	
soc�oeconom�c	value	once	a	meteorolog�cal	effort	�s	nearly	complete;	they	
can	make	perhaps	even	more	�mportant	contr�but�ons	to	problem	�dent�fica-
t�on	and	research	des�gn.	Further,	progress	toward	address�ng	the	soc�etal	
and	�nterd�sc�pl�nary	pr�or�ty	areas	�dent�fied	more	than	a	decade	ago	�n	the	
nRc	(1998b)	report	has	been	m�n�mal	(Morss	et	al.,	2008b).	these	areas	are	
of	major	�mportance	for	the	weather	commun�ty	�n	prov�d�ng	cost-effect�ve	
serv�ces	 for	 soc�ety,	 but	 there	 has	 been	 l�m�ted	 mot�vat�on	 or	 support	 to	
pursue	 them.	Although	 noAA	 has	 made	 some	 progress	 �n	 �ncorporat�ng	
soc�al	sc�ences	�n	some	areas,	soc�al	sc�ences	capab�l�t�es	w�th�n	noAA	are	
�nadequate	and	are	far	from	be�ng	suffic�ently	ut�l�zed	to	meet	noAA’s	and	
the	nat�on’s	needs	(nsAB,	2009;	F�gure	2.1).	Programs	to	tra�n	meteorolo-
g�sts	and	soc�al	sc�ent�sts	to	understand	and	apply	each	other’s	perspect�ves	
are	also	lack�ng.

thus,	 desp�te	 prev�ous	 d�scuss�ons	 and	 efforts,	 l�m�ted	 progress	 has	
been	made	�n	br�dg�ng	the	gap	between	weather	pred�ct�on	and	the	soc�al	
sc�ences.	Yet	�nterest	�n	do�ng	so	cont�nues	to	grow.	to	bu�ld	on	the	current	
momentum	 and	 d�scuss	 soc�oeconom�cs	 as	 a	 h�gh-level	 pr�or�ty	 for	 the	
weather	pred�ct�on	commun�ty,	 the	2009	BAsc	summer	study	workshop	
�ncluded	 soc�oeconom�c	 �mpacts	 as	one	of	five	 focal	 top�cs.	the	goal	of	
the	soc�oeconom�c	d�scuss�ons	was	to	entra�n	mult�ple	perspect�ves	at	an	
nRc-sponsored	commun�ty-level	workshop	to	�dent�fy	key	steps	for	advanc-
�ng	weather–soc�ety	research	and	R2o.	Prev�ous	related	efforts	were	br�efly	
d�scussed,	but	op�n�ons	on	successes,	fa�lures,	and	the	reasons	underly�ng	
them	d�ffered.	the	bulk	of	the	d�scuss�ons	focused	on	how	to	most	produc-
t�vely	move	forward.

D�scuss�ons	of	soc�oeconom�c	�ssues	at	the	2009	BAsc	summer	study	
workshop	rece�ved	the	cr�t�cal	�nput	of	phys�cal,	soc�al,	and	�nterd�sc�pl�nary	
sc�ent�sts	and	managers	engaged	�n	a	var�ety	of	weather–soc�ety	research	and	
R2o	act�v�t�es.	the	workshop	�ncluded	three	presentat�ons	on	progress	and	
pr�or�t�es	�n	soc�oeconom�cs	of	weather,	followed	by	a	d�scuss�on	among	all	
workshop	part�c�pants.	An	�nterd�sc�pl�nary	soc�oeconom�c	work�ng	group	
then	met	to	d�scuss	weather–soc�ety	research	and	R2o	pr�or�t�es	�n	greater	
deta�l,	and	d�scuss�ons	among	the	group	cont�nued	after	the	workshop.	so-
c�oeconom�c	cons�derat�ons	were	also	d�scussed	�n	conjunct�on	w�th	other	
workshop	focal	top�cs,	espec�ally	the	emerg�ng	appl�cat�ons	(chapter	4).	the	
concepts	and	pr�or�t�es	presented	here	represent	a	synthes�s	of	d�scuss�ons	
at	the	workshop	and	those	of	the	study	comm�ttee.
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PRIORITy WEATHER–SOCIETy TOPICS

Dur�ng	the	workshop	and	subsequent	meet�ngs	of	the	study	comm�ttee,	
meteorolog�sts	 and	 soc�al	 sc�ent�sts	 jo�ntly	 �dent�fied	 three	 �n�t�al	 pr�or�ty	
top�cs	 for	weather	 research	 and	R2o	act�v�t�es	 �n	 the	 soc�oeconom�cs	of	
weather	�nformat�on:	est�mat�ng	value;	understand�ng	the	�nterpretat�on	and	
use	of	�nformat�on;	and	�mprov�ng	commun�cat�on	of	�nformat�on.	the	first	
focuses	pr�mar�ly	on	econom�c	value,	although	other	soc�etal	values	(such	as	
env�ronmental	health	or	human	well-be�ng)	may	be	cons�dered.	the	second	
and	th�rd	focus	pr�mar�ly	on	other,	noneconom�c	soc�al	sc�ence	perspect�ves,	
although	econom�c	perspect�ves	and	tools	can	be	appl�ed	as	well	to	address	
user	needs	and	commun�cat�ons.

For	each	top�c,	sample	research	and	R2o	quest�ons	are	br�efly	ment�oned.	
note	that	although	the	quest�ons	are	not	d�scussed	�n	deta�l,	substant�al	com-
plex�ty	underl�es	them.	Address�ng	each	area	w�ll	requ�re	br�ng�ng	theoret�cal	
and	methodolog�cal	tools	from	the	soc�al	sc�ences	together	w�th	�nput	from	
meteorology	researchers,	meteorology	pract�t�oners,	and	forecast	users.

FIGURE 2.1 NOAA invests a relatively small amount in social science related to weather. 
FY 2008 social science budget as a proportion of total NOAA budget and as distributed 
across line offices (NWS = National Weather Service; OAR = Oceanic and Atmospheric 
Research; NESDIS = National Environmental Satellite Data and Information Service; PPI 
= Office of Program Planning and Integration; NMFS = National Marine Fisheries Ser-
vice; NOS = National Ocean Service). Most of NOAA’s OAR investment in social science 
in FY 2008 was in climate and other nonweather areas; the total FY 2008 social science 
budget for the Weather and Water mission goal within NOAA was $0.75M. SOURCE: 
NSAB (2009).
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Estimating Value

Rel�able	est�mates	of	the	econom�c	value	of	weather	�mpacts	and	fore-
casts	are	key	to	demonstrat�ng	the	�mportance	of	weather	pred�ct�on	programs	
and	to	mak�ng	cost-benefit	dec�s�ons	among	d�fferent	opt�ons	for	allocat�ng	
weather	pred�ct�on	resources.	est�mat�ng	the	value	of	forecasts	often	requ�res	
understand�ng	the�r	use	(the	second	pr�or�ty	area).	Valuat�on	can	also	prov�de	
�ns�ght	�nto	the	use	of	forecasts,	and	thus	help	�mprove	forecast	commun�ca-
t�on	and	use.	econom�sts	employ	mult�ple	approaches	and	tools	for	valu�ng	
weather	�mpacts	and	forecasts,	such	as	econometr�c	model�ng,	dec�s�on	analy-
s�s,	and	nonmarket	valuat�on.	each	has	part�cular	strengths	and	weaknesses	
and	�s	best	su�ted	for	d�fferent	appl�cat�ons.	thus,	to	bu�ld	a	hol�st�c	p�cture	
of	the	value	of	weather	�mpacts	and	forecasts	to	d�fferent	soc�etal	sectors	and	
soc�ety	as	a	whole,	a	core	weather-econom�cs	expert�se	needs	to	be	entra�ned	
and	 appl�ed	 to	 est�mate	 value	 from	 complementary	 perspect�ves.	 Weather	
and	weather	 forecasts	also	have	s�gn�ficant	soc�etal	and	cultural	value	 that	
can	be	exam�ned	us�ng	perspect�ves	from	other,	noneconom�c,	soc�al	sc�ence	
d�sc�pl�nes,	�nclud�ng	publ�c	pol�cy,	soc�ology,	and	anthropology.

examples	of	�nterd�sc�pl�nary	research	and	R2o	quest�ons	�n	th�s	area	
�nclude	the	follow�ng:

•	 What	are	the	�mpacts	of	current	weather	forecasts	on	d�fferent	sectors	
of	the	U.s.	economy	(such	as	transportat�on	and	energy),	and	what	would	
be	the	value	of	forecast	�mprovements?

•	 How	do	weather	and	weather	forecasts	�nteract	w�th	soc�oeconom�c	
�nfrastructure	 and	 systems	 (such	 as	 the	 transportat�on	 system	 or	 electr�c	
power	gr�d)	to	�nfluence	weather	�mpacts	and	forecast	value?

•	 How	do	the	benefits	of	�mprov�ng	forecasts	of	the	t�m�ng	and	loca-
t�on	of	hurr�cane	landfall	compare	w�th	the	benefits	of	�mprov�ng	forecasts	
of	hurr�cane	�ntens�ty	at	landfall?

•	 What	 are	 the	 costs	 and	benefits	 to	d�fferent	 sectors	 and	groups	of	
longer	lead	t�mes	for	tornado	warn�ngs?

•	 What	are	 the	cost-benefit	 trade-offs	among	d�fferent	 �mprovements	
to	observat�onal	networks	and	among	�nvestments	�n	d�fferent	components	
of	 weather	 pred�ct�on	 systems	 (e.g.,	 �ncreased	 resolut�on,	 �mproved	 data	
ass�m�lat�on,	�mproved	phys�cs,	ensemble	s�ze)?

Understanding User Needs, Interpretation, and Use of Information

A	key	component	of	the	prov�s�on	of	more	benefic�al	weather	forecasts	
�s	understand�ng	how	people	�nterpret	forecast	�nformat�on	and	use	�t	for	
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the�r	needs.	th�s	�ncludes	�nd�v�duals	and	organ�zat�ons	�n	the	pr�vate	and	
publ�c	sectors.	Forecast	and	warn�ng	�nformat�on	�s	�nterpreted	through	the	
lens	of	�nd�v�duals’	and	organ�zat�ons’	r�sk	percept�ons,	exper�ence,	needs,	
bel�efs,	 capab�l�t�es,	 and	 so	 on.	 Further,	 forecasts	 are	 only	 one	 of	 many	
factors	that	affect	weather-related	dec�s�ons;	cultural,	pol�t�cal,	econom�c,	
and	other	cons�derat�ons	are	also	 �mportant,	as	well	as	 �nteract�ons	w�th	
systems	such	a�r	transportat�on	systems,	power	gr�ds,	and	commun�cat�on	
networks.	thus,	understand�ng	user	needs	and	value	requ�res	understand-
�ng	how	people	 �nterpret	 forecasts	 and	how	 forecasts	 �nfluence	people’s	
behav�or	 �n	 d�fferent	 contexts.	 A	 var�ety	 of	 soc�al	 sc�ence	 and	 related	
theor�es,	from	d�sc�pl�nes	such	as	commun�cat�on,	soc�ology,	psychology,	
and	human	geography,	can	be	used	to	understand	forecast	�nterpretat�on	
and	use,	employ�ng	approaches	such	as	�n-depth	�nterv�ews,	focus	groups,	
surveys,	and	dec�s�on	exper�ments.	the	result�ng	knowledge	can	be	appl�ed	
to	�mprove	forecast	commun�cat�on,	use,	and	value,	and	�s	key	to	prov�d�ng	
soc�etally	benefic�al	�mpact	forecasts	as	d�scussed	�n	chapter	4.	to	develop	
hol�st�c	understand�ng	that	�s	both	deep	and	broad,	work	�n	th�s	area	w�ll	
need	to	�nclude	�n-depth	stud�es	of	cases	and	spec�fic	contexts	as	well	as	
stud�es	that	span	populat�ons,	econom�c	sectors,	reg�ons,	and	meteorolog�-
cal	phenomena.

examples	of	quest�ons	�n	th�s	area	�nclude	the	follow�ng:

•	 What	makes	var�ous	populat�ons	more	or	less	vulnerable	to	severe	
weather	events,	and	how	can	�mproved	weather	�nformat�on	help	m�t�gate	
those	vulnerab�l�t�es?

•	 How	 do	 people	 (�nd�v�dually	 and	 w�th�n	 organ�zat�ons)	 �nterpret	
severe	weather	warn�ngs,	and	what	mot�vates	people	to	respond?

•	 When	 and	 how	 do	 the	 b�ases	 and	 fram�ng	 effects	 that	 have	 been	
�dent�fied	 �n	other	 r�sk	commun�cat�on	contexts	affect	 �nterpretat�ons	and	
use	of	weather	forecasts?

•	 What	are	people’s	mental	models	of	r�sks	 from	hazardous	weather	
events	such	as	hurr�canes	and	floods?	How	do	those	mental	models	promote	
or	l�m�t	�nterpretat�on	and	use	of	�nformat�on	about	weather	r�sks	and	dec�-
s�ons	about	protect�ve	act�ons?

•	 How	 do	 people	 �nterpret	 and	 use	 forecast	 �nformat�on	 that	 com-
mun�cates	 uncerta�nty	 �n	 d�fferent	 ways,	 and	 �n	 what	 c�rcumstances	 can	
uncerta�nty	 �nformat�on	 help	 �nd�v�duals	 and	 organ�zat�ons	 make	 better	
dec�s�ons?

•	 What	are	the	weather	forecast	�nformat�on	needs	of	a�r	transportat�on	
prov�ders	and	users	related	to	the	next	Generat�on	A�r	transportat�on	system	



Copyright © National Academy of Sciences. All rights reserved.

When Weather Matters: Science and Service to Meet Critical Societal Needs

40	40	 WHen	WeAtHeR	MAtteRs

or	nextGen,3	and	what	do	those	needs	mean	for	development	of	forecasts	
for	nextGen	and	des�gn	of	the	nextGen	system?

•	 What	 �mpact	 var�ables	 are	 most	 �mportant	 to	 d�fferent	 �nd�v�duals	
and	organ�zat�ons	�n	advance	of	var�ous	types	of	very	h�gh	�mpact	weather	
events,	for	use	�n	the�r	dec�s�ons	(see	chapter	4)?

Improving Communication of Information

For	forecast	and	warn�ng	�nformat�on	to	be	used	effect�vely,	�t	needs	to	
be	rece�ved	and	understood.	People	rece�ve	forecast	�nformat�on	from	d�f-
ferent	sources,	rang�ng	from	med�a	broadcasters,	to	the	Internet	and	soc�al	
network�ng	 s�tes,	 to	 fr�ends	 and	 fam�ly.	 thus,	 effect�ve	 development	 and	
d�ssem�nat�on	of	weather	 forecasts	 requ�res	an	understand�ng	of	how	d�f-
ferent	commun�cat�on	modes	 �nfluence	 �nterpretat�on	and	use	of	weather	
forecast	�nformat�on,	and	how	d�fferent	commun�cat�on	channels	and	modes	
�nteract.	Understand�ng	barr�ers	 to	effect�ve	commun�cat�on	and	 to	mot�-
vat�ng	effect�ve	r�sk-reduc�ng	behav�or	�s	also	�mportant.	G�ven	the	uncer-
ta�nty	�nherent	�n	weather	forecast�ng,	�t	�s	part�cularly	�mportant	to	address	
commun�cat�on	of	forecast	uncerta�nty	to	users	rang�ng	from	bus�nesses	to	
emergency	managers	to	the	general	publ�c.	Work	�n	th�s	area	�ncludes	more	
trad�t�onal	research	approaches	such	as	�nterv�ews	and	surveys	as	well	as	
stakeholder-or�ented	and	part�c�patory	approaches	that	can	a�d	trans�t�on	of	
concepts	from	research	to	operat�ons.

examples	of	quest�ons	�nclude	the	follow�ng:

•	 How	do	people	�ntegrate	weather	forecast	�nformat�on	gathered	from	
d�fferent	sources	to	form	r�sk	percept�ons	and	resolve	perce�ved	�nformat�on	
confl�cts?

•	 How	do	people	make	dec�s�ons	to	seek	new	�nformat�on	as	a	weather	
s�tuat�on	and	�ts	forecasts	evolve?

•	 How	�s	new	forecast	�nformat�on	�ntegrated	w�th	exper�ence,	earl�er	
�nformat�on,	and	other	cons�derat�ons	to	update	or	confirm	r�sk	percept�ons	
and	dec�s�ons?

•	 What	roles	do	soc�al	networks	play	�n	d�ssem�nat�ng	forecast	�nforma-
t�on,	and	how	are	new	med�a	technolog�es	chang�ng	how	weather	�nforma-
t�on	�s	commun�cated	to	d�fferent	populat�ons?

•	 How	 w�ll	 a	 trans�t�on	 from	 a	 “warn-on-detect�on”	 to	 “warn-on-	
forecast”	 parad�gm	 w�th�n	 the	 nWs	 affect	 severe	 weather	 warn�ng	 com-
mun�cat�on	and	use	for	var�ous	aud�ences?

3	see	http://www.faa.gov/about/�n�t�at�ves/nextgen/.
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•	 How	can	the	answers	to	the	above	quest�ons	be	appl�ed	to	develop	
mechan�sms	 to	 more	 effect�vely	 commun�cate	 weather	 �nformat�on	 and	
forecasts—part�cularly	 those	conta�n�ng	uncerta�nty	 �nformat�on—�n	ways	
that	account	for	d�fferent	�nterpretat�on	by	d�fferent	user	groups	and	promote	
benefic�al	behav�or?

In	all	of	these	pr�or�ty	areas,	a	susta�ned,	�nterd�sc�pl�nary	effort	�s	needed	
to	develop	core	knowledge	that	can	be	appl�ed	to	address	current	commun�ty	
needs	for	weather	�nformat�on,	as	well	as	to	address	new	research	quest�ons	
and	weather	R2o	needs	as	 they	ar�se.	As	 �n	meteorology,	quant�tat�ve	and	
qual�tat�ve	 approaches	 can	 be	 comb�ned	 to	 develop	 more	 complete	 un-
derstand�ng.	 Relevant	 soc�al	 sc�ence	 and	 �nterd�sc�pl�nary	 expert�se	 �s	 best	
entra�ned	from	the	beg�nn�ng	of	stud�es,	to	ensure	that	the	work	�ncorporates	
relevant	 soc�al	 sc�ence	 theory	and	knowledge	developed	 �n	other	contexts	
and	avo�ds	re�nvent�ng	ex�st�ng	find�ngs.	to	be	most	effect�ve,	th�s	work	would	
need	to	l�nk	w�th	progress	�n	all�ed	doma�ns	that	exam�ne	r�sk	commun�cat�on	
and	dec�s�ons	under	r�sk	and	uncerta�nty,	such	as	healthcare	and	nonweather	
hazards.	such	cross-fert�l�zat�on	would	also	help	attract	more	lead�ng	soc�al	
sc�ent�sts	to	devot�ng	effort	to	weather	pred�ct�on	�ssues.

In	some	s�tuat�ons,	address�ng	these	pr�or�ty	areas	w�ll	�nvolve	apply�ng	
ex�st�ng	soc�al	sc�ence	theor�es	and	methods	to	weather	�nformat�on	con-
texts.	Do�ng	so	w�ll	not	only	�mprove	knowledge	about	soc�oeconom�cs	of	
weather;	�t	w�ll	often	also	generate	�nterd�sc�pl�nary	theoret�cal	and	method-
olog�cal	advances.	In	other	s�tuat�ons,	appl�cat�on	to	weather	contexts	w�ll	
requ�re	development	of	new	or	substant�ally	�mproved	theor�es	and	methods.	
thus,	work	�n	these	pr�or�ty	areas	w�ll	�nvolve	a	m�x	of	appl�cat�on	and	en-
hancement	of	ex�st�ng	tools	w�th	fundamental	new	developments.	Because	
meteorolog�sts	and	researchers	from	d�fferent	soc�al	sc�ence	fields	can	have	
d�fferent	ways	of	learn�ng	and	know�ng,	creat�ng	successful	collaborat�ons	
and	 outcomes	 w�ll	 requ�re	 acknowledg�ng	 and	 respect�ng	 these	 d�fferent	
backgrounds	and	approaches.

the	find�ngs	from	th�s	work	would	not	only	help	the	weather	commun�ty	
�mprove	the	use	and	value	of	ex�st�ng	weather	�nformat�on,	they	would	also	
help	the	commun�ty	�dent�fy	�nformat�on	gaps.	In	th�s	way,	soc�oeconom�c	
research	has	the	added	advantage	of	�dent�fy�ng	groundbreak�ng	new	areas	
for	meteorolog�cal	research	and	R2o	act�v�t�es.	examples	are	prov�ded	�n	the	
d�scuss�ons	�n	chapter	4	on	very	h�gh	�mpact	weather,	urban	meteorology,	
and	renewable	energy	product�on.

comm�tment	to	address�ng	the	soc�oeconom�cs	of	weather	has	another	
advantage:	 help�ng	 agenc�es	 and	 the	 weather	 commun�ty	 at	 large	 make	
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pol�cy	and	�nvestment	dec�s�ons.	Weather	research	and	R2o	act�v�t�es	�nev�-
tably	�nvolve	cho�ces	among	pr�or�t�es	for	�nvest�ng	resources,	and	d�fferent	
groups’	soc�etal	and	econom�c	pr�or�t�es	w�ll	�nvar�ably	d�ffer.	For	example,	
a	 5-day	 forecast	 �nd�cat�ng	 that	 a	 coastal	 tour�sm	 area	 may	 need	 to	 be	
evacuated	to	save	l�ves	because	of	an	approach�ng	hurr�cane	may	confl�ct	
w�th	local	bus�nesses’	des�re	to	reta�n	customers	and	employees	and	w�th	
the	area’s	long-term	econom�c	prosper�ty	�f	an	evacuat�on	turns	out	to	be	
unnecessary.	Investments	�n	research	and	R2o	act�v�t�es	to	�mprove	10-day	
weather	forecasts	may	mean	fewer	resources	for	�mprov�ng	0-	to	24-hour	
forecasts.	s�m�larly,	�nvestments	�n	probab�l�st�c	forecasts	w�th	larger	num-
bers	of	ensemble	members	could	result	(at	least	�n	the	near	term)	�n	lower	
resolut�on	forecasts.	Dec�s�ons	about	such	trade-offs	can	be	�nformed	by	an	
understand�ng	of	soc�etal	needs	for	forecasts.	soc�oeconom�c	cons�derat�ons	
are	also	�mportant	for	dec�s�ons	about	des�gn�ng	forecast	d�ssem�nat�on	and	
dec�s�on	 support	 systems	 of	 the	 future,	 such	 as	 new	 nWs	 products	 and	
nextGen.	thus,	weather–soc�ety	capac�ty	and	knowledge	can	help	agenc�es	
and	pol�t�cal	and	bus�ness	 leaders	make	such	dec�s�ons	w�th�n	a	broader	
pol�cy	framework	(e.g.,	Morss,	2005;	Morss	et	al.,	2005).	

INTEGRATING THE SOCIAL SCIENCES AND WEATHER: 
A PATH FORWARD

one	approach	to	categor�z�ng	�nterd�sc�pl�nary	“soc�ometeorology”	re-
search	and	R2o	act�v�t�es	 �s	 to	cons�der	a	comb�nat�on	of	“cutt�ng-edge”	
and	“off-the-shelf”	(read�ly	ava�lable)	knowledge	�n	the	d�fferent	d�sc�pl�nes.	
the	most	�nnovat�ve	and	r�sk�est	research	w�ll	comb�ne	cutt�ng-edge	soc�al	
sc�ence	w�th	cutt�ng-edge	meteorology,	advanc�ng	sc�ence	and	knowledge	
�n	both	fields.	For	some	research	and	R2o	quest�ons,	cutt�ng-edge	soc�al	
sc�ence	w�ll	most	appropr�ately	be	appl�ed	w�th	off-the-shelf	meteorology,	
or	v�ce	versa.	each	of	these	types	of	work	�s	needed	and	has	value	for	ad-
vanc�ng	�nterd�sc�pl�nary	knowledge	and	weather	commun�ty	goals.	From	
an	 �ntegrated	 perspect�ve,	 work	 that	 appl�es	 off-the-shelf	 meteorology	 �n	
a	new	way	to	address	cutt�ng-edge	soc�etal	needs	has	potent�al	to	be	just	
as	groundbreak�ng	as	other	 types	of	work.	As	a	 result,	 �t	 �s	 �mportant	 for	
fundamental,	appl�ed,	and	use-�nsp�red	act�v�t�es	to	be	supported	�n	career	
development	and	by	fund�ng	agenc�es.

Bu�ld�ng	programs	that	develop	and	conduct	research	and	R2o	act�v�t�es	
�n	these	d�fferent	ways	requ�res	two-way	partnersh�ps	among	meteorolog�sts	
and	soc�al	sc�ent�sts,	where	d�fferent	perspect�ves	and	�nterests	are	d�scussed	
and	�ncorporated.	Depend�ng	on	the	program,	d�fferent	areas	of	expert�se	
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and	methodolog�cal	approaches	 from	the	soc�al	sc�ences	w�ll	be	needed.	
there	are	d�fferent	approaches	that	can	be	taken	to	bu�ld	�nterd�sc�pl�nary	
capac�ty	and	expert�se.	no	s�ngle	approach	alone	w�ll	suffice,	but	a	com-
b�nat�on	of	complementary	approaches	�s	requ�red.	summar�zed	below	are	
some	opportun�t�es	for	bu�ld�ng	�nterd�sc�pl�nary	capac�ty	that	could	be	con-
s�dered	(along	w�th	a	few	current	examples).	Pursued	together,	programs	of	
th�s	type	can	develop	the	requ�red	�nterd�sc�pl�nary	capac�ty	and	knowledge	
and	also	apply	�t	to	meet	weather	commun�ty,	agency,	and	soc�etal	needs.

•	 Long-term programs to establish and maintain expertise and re-
sources for integrating social sciences and weather prediction:	 current	
examples	�nclude	the	nat�onal	center	for	Atmospher�c	Research’s	(ncAR’s)	
soc�etal	Impacts	Program	(sIP)	and	the	oklahoma	nat�onal	Weather	center’s	
soc�al	sc�ence	Woven	Into	Meteorology	(ssWIM)	program	(Box	2.1).	A	s�g-
n�ficant	 feature	of	both	programs	�s	 the�r	colocat�on	w�th	(and	�ntegrat�on	
of	soc�al	sc�ent�sts	�nto)	a	major	meteorolog�cal	ent�ty.	th�s	colocat�on	and	
�ntegrat�on	 �s	 �mportant	 because	 �t	 fac�l�tates	 engag�ng	 soc�al	 sc�ence	 to	
advance	weather–soc�ety	knowledge	and	appl�cat�ons.

•	 Grant-funded research to address priority fundamental and R2O 
issues at the weather–society interface:	currently,	few	research	and	R2o	
act�v�t�es	focused	on	weather–soc�ety	�ssues	are	funded	by	the	federal	agen-
c�es.	th�s	�s	�n	contrast	to	the	cl�mate	arena,	where	a	var�ety	of	programs	
fund	soc�oeconom�c	and	pol�cy	research.	one	current	example	of	th�s	type	
of	 effort	 �n	 the	 weather	 arena	 �s	 the	 noAA/nsF-funded	 commun�cat�ng	
Hurr�cane	Informat�on	(cHI)	program	(Box	2.1),	�n	wh�ch	noAA	and	nsF,	
�n	conjunct�on	w�th	an	�nterd�sc�pl�nary	group	of	experts,	�dent�fied	key	so-
c�al	sc�ence	�ssues	related	to	the	hurr�cane	forecast	and	warn�ng	system	and	
then	�ssued	a	call	for	proposals.	such	grant	programs	are	one	of	the	most	
effect�ve	 mechan�sms	 for	 address�ng	 pr�or�ty	 �nterd�sc�pl�nary	 �ssues	 that	
�nvolve	more	bas�c	research	or	for	wh�ch	the	most	fru�tful	approaches	and	
expert�se	are	not	apparent;	�n	other	words,	where	PI-dr�ven	creat�v�ty	and	
�nnovat�on	can	make	key	contr�but�ons.	they	are	also	a	strong	mechan�sm	
for	bu�ld�ng	�nterd�sc�pl�nary	teams	and	entra�n�ng	new	soc�al	sc�ence	and	
�nterd�sc�pl�nary	expert�se	to	address	weather	pred�ct�on	�ssues.

•	 Directed research to quickly address priority applied issues at the 
weather–society interface:	When	 the	spec�fic	quest�ons	are	well-defined,	
concrete	results	are	needed	�n	a	few	months	or	years,	and	the	methodolo-
g�es	to	produce	those	results	are	known	and	well	developed,	the	most	ap-
propr�ate	mechan�sm	can	often	be	d�rected	research	efforts	such	as	targeted	
short-term	grants,	contracts,	or	consultant	stud�es	(e.g.,	centrec,	2003;	Lazo	
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and	chestnut,	2002).	such	stud�es	generally	�nvolve	off-the-shelf	soc�al	sc�-
ence	comb�ned	w�th	off-the-shelf	meteorology.	As	soc�oeconom�c	capac�ty	
�s	developed	w�th�n	the	weather	pred�ct�on	commun�ty,	more	stud�es	may	
fall	�nto	th�s	category.

•	 Collaborative social science–physical science or –engineering (“end-
to-end-to-end”) testbeds that integrate social science into the development 
of new meteorological technologies and products:	A	 current	 example	 �s	
the	nsF	cAsA	eng�neer�ng	Research	center	(Box	2.1),	wh�ch	has	�ncorpo-
rated	soc�al	sc�ence	as	an	equal	partner	�n	mult�ple	aspects	of	�ts	work.	the	
long-term	programs	descr�bed	above	may	also	�nclude	efforts	of	th�s	type.	
such	efforts	 comb�ne	new	weather	 technolog�es	and	products,	users	and	
the�r	soc�oeconom�c	cons�derat�ons,	and	soc�al	sc�ence	expert�se.	In	do�ng	
so,	they	prov�de	a	focus�ng	mechan�sm	for	�ntegrat�ng	soc�al	sc�ences	�nto	
meteorology	�n	ways	that	meet	users’	and	meteorolog�sts’	needs.

•	 Agency programs to develop internal and external capacity to ad-
dress specific weather–society needs related to the missions of NOAA/NWS 
and other agencies:	Develop�ng	�nternal	agency	capac�ty	w�ll	requ�re	h�r-
�ng	soc�al	and	�nterd�sc�pl�nary	sc�ent�sts	as	well	as	soc�al	sc�ence	tra�n�ng	
of	ex�st�ng	agency	personnel.	external	capac�ty	fam�l�ar	w�th	agency	needs	
can	be	developed	through	mechan�sms	such	as	programs	for	�nterd�sc�pl�n-
ary	 un�vers�ty	 faculty,	 postdoctoral	 researchers,	 and	 graduate	 students	 to	
work	�n	res�dence	at	spec�fic	agenc�es	(s�m�lar	to	the	Amer�can	Assoc�at�on	
for	the	Advancement	of	sc�ence’s	sc�ence	&	technology	Pol�cy	Fellowsh�p	
program,4	but	focused	on	weather-soc�ety	work).	such	programs	are	needed	
to	develop	R2o	appl�cat�ons	of	soc�al	sc�ences	and	to	allow	agenc�es	to	ef-
fect�vely	use	�nput	from	soc�al	sc�ence	efforts.	An	�mportant	aspect	of	such	
programs	�s	engag�ng	a	d�vers�ty	of	soc�al	sc�ence	d�sc�pl�nes,	s�nce	d�fferent	
d�sc�pl�nes	(and	subd�sc�pl�nes)	br�ng	d�fferent	perspect�ves	relevant	to	ad-
dress�ng	agency	m�ss�ons.

•	 Educational initiatives to train the next generation of meteorology 
researchers, forecasters, and practitioners in integrated weather–society 
thinking:	A	small	group	of	meteorolog�sts	who	understand	soc�oeconom�c	
�ssues	 �s	 develop�ng,	 and	 the	 commun�ty	 of	 �nterd�sc�pl�nary	 weather–	
soc�ety	researchers	�s	grow�ng.	However,	these	�nd�v�duals	have	been	tra�ned	
largely	through	the�r	own	�n�t�at�ve	to	pursue	�nterd�sc�pl�nary	educat�on	and	
through	small	efforts	such	as	the	WAs*Is	(Weather	and	soc�ety*Integrated	
stud�es)	program	(Box	2.1).	th�s	group	�s	also	well	below	the	cr�t�cal	mass	
requ�red	 to	meet	weather	commun�ty	needs.	thus,	educat�onal	 �n�t�at�ves	

4	see:	http://fellowsh�ps.aaas.org/
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are	needed	to	tra�n	meteorology	students,	forecasters,	and	pract�c�ng	meteo-
rolog�sts	�n	soc�etal	aspects	of	weather.	Interd�sc�pl�nary	undergraduate	and	
graduate	programs	are	also	needed	for	meteorolog�sts	and	soc�al	sc�ent�sts	
�nterested	 �n	 weather–soc�ety	 careers.	 such	 �n�t�at�ves	 can	 be	 developed		
by	 un�vers�t�es,	 noAA/nWs,	 and	 other	 organ�zat�ons,	 and	 fostered	 by	
	commun�ty-w�de	�nst�tut�ons	such	as	AMs.

several	 current	 examples	of	 such	programs	are	prov�ded	 �n	Box	2.1.	
these	programs	are	complementary,	and	each	fills	a	un�que	n�che.	the�r	
successes	 �nclude	 �nterd�sc�pl�nary	 research	 projects	 and	 results,	 forecast	
programs	and	products	that	�ntegrate	end-user	needs,	and	researchers	and	
forecasters	 knowledgeable	 �n	 the	 �ntegrat�on	 of	 meteorology	 and	 soc�al	
sc�ences.	Although	such	programs	demonstrate	substant�al	progress	�n	�nte-
grated	weather–soc�ety	work,	�t	w�ll	take	t�me	for	these	efforts	to	demonstrate	
large-scale	 benefits	 to	 the	 weather	 commun�ty	 and	 soc�ety.	 Further,	 they	
are	far	from	suffic�ent	�n	fill�ng	the	weather	commun�ty’s	needs	�n	th�s	area,	
and	fund�ng	for	many	of	the	programs	�s	currently	l�m�ted	or	uncerta�n	�n	
the	 future.	th�s	h�ghl�ghts	 the	need	 for	 long-term,	susta�nable	 fund�ng	 for	
such	programs.	to	further	th�s	collaborat�ve	work,	the	weather	commun�ty	
can	bu�ld	on	examples	�n	areas	such	as	the	mult�ple	U.s.	centers	focus�ng	
on	natural	hazards	research	and	reduct�on,	 the	nat�onal	Mar�ne	F�sher�es	
serv�ce	 and	other	 natural	 resources	management	programs,	 and	noAA’s	
Reg�onal	Integrated	sc�ences	and	Assessments	program	to	address	cl�mate	
�ssues	�mportant	to	reg�onal	dec�s�on	makers.

Agency	coord�nat�on	�s	�mportant	for	fac�l�tat�ng	efforts	to	address	so-
c�oeconom�c	aspects	of	weather,	but	many	of	 the	 �deas	and	much	of	 the	
�mplementat�on	effort	w�ll	need	to	come	from	w�th�n	the	weather	research	
and	R2o	commun�ty	and	from	all�ed	soc�al	sc�ent�sts.	G�ven	the	�nterd�sc�-
pl�nary	nature	of	th�s	area,	spec�fic	�deas	and	partnersh�ps	w�ll	need	to	be	
developed	 through	 �n-depth	 d�scuss�on	 among	 meteorolog�sts	 and	 soc�al	
sc�ent�sts	 from	 var�ous	 d�sc�pl�nes.	 Per�od�c	 workshops	 that	 br�ng	 soc�al	
sc�ent�sts	and	meteorolog�sts	together	to	d�scuss	pr�or�ty	research	and	R2o	
top�cs	�n	soc�oeconom�c	aspects	of	weather	pred�ct�on	w�ll	a�d	�n	�ntegrat�ng	
these	fields.	AMs	and	long-term	programs	such	as	ncAR’s	sIP	and	the	okla-
homa	nat�onal	Weather	center’s	ssWIM	program	are	already	coord�nat�ng	
such	d�scuss�ons,	and	they	can	cont�nue	to	fac�l�tate	workshops	on	a	var�ety	
of	 top�cs.	Because	 l�m�ted	 t�me	was	ava�lable	at	 the	2009	BAsc	summer	
study	workshop	to	d�scuss	soc�oeconom�c	programs	and	�ssues,	workshop	
part�c�pants	noted	the	potent�al	value	of	a	future	commun�ty	workshop	for	
soc�al	and	�nterd�sc�pl�nary	sc�ent�sts	to	d�scuss	pr�or�t�es	and	strateg�es	for	
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weather–soc�ety	 research	 and	 R2o	 �n	 depth.	 M�ss�on	 agenc�es,	 such	 as	
noAA,	can	organ�ze	workshops	focused	on	address�ng	spec�fic	soc�al	sc�-
ence	needs	for	trans�t�on�ng	R2o.

Vision

the	 comm�ttee’s	 v�s�on	 �s	 that	 by	 ~2025	 a	 core	 group	 of	 soc�al	 sc�-
ent�sts	 and	meteorolog�sts	w�ll	have	 formed	a	 strong,	mutually	benefic�al	
partnersh�p	�n	wh�ch	mult�ple	areas	of	sc�ence	work	together	to	ensure	that	
weather	research	and	forecast�ng	meet	soc�etal	needs.	the	knowledge	and	
expert�se	needed	to	address	cr�t�cal	problems	at	the	weather–soc�ety	�nter-
face	effic�ently	and	rel�ably	w�ll	be	read�ly	ava�lable,	and	�t	w�ll	be	appl�ed	
regularly	to	address	research	quest�ons	of	�nterest	 to	both	soc�al	sc�ent�sts	
and	meteorolog�sts	and	 to	enhance	weather	R2o	and	operat�ons.	Where	
soc�etal	cons�derat�ons	are	�ntegral	to	meteorolog�cal	projects	and	programs,	
soc�al	sc�ent�sts	w�th	appropr�ate	expert�se	w�ll	be	engaged	from	the	onset	
of	plann�ng,	so	that	 the	soc�al	sc�ences	can	most	effect�vely	contr�bute	to	
program	goals	and	outcomes.	suffic�ent	support	w�ll	be	ava�lable	to	�ncor-
porate	relevant	soc�al	sc�ence	perspect�ves	from	var�ous	d�sc�pl�nes	�nto	tra-
d�t�onally	phys�cal	sc�ence–or�ented	programs,	and	to	prov�de	opportun�t�es	
for	susta�ned,	mutually	benefic�al	soc�al	sc�ence–meteorology	partnersh�ps.	
th�s	�ncludes	�nst�tut�onal	and	fund�ng	support	from	government	agenc�es	
(�nclud�ng	noAA,	nsF,	nAsA,	and	others)	as	well	as	commun�ty	support	
from	 other	 agenc�es,	 un�vers�t�es,	 research	 �nst�tut�ons,	 AMs,	 and	 other	
members	of	the	weather	enterpr�se.

Progress	�s	be�ng	made,	as	�llustrated	by	the	act�v�t�es	�n	Box	2.1	and	the	
grow�ng	number	of	people	�nterested	�n	�ntegrated	weather–soc�ety	�ssues,	
but	current	act�v�t�es	and	capac�ty	are	st�ll	below	cr�t�cal	mass,	and	years	
w�ll	be	needed	for	the	benefits	of	these	efforts	to	be	broadly	real�zed.	After	
decades	of	d�scuss�ng	the	�mportance	of	soc�oeconom�c	cons�derat�ons,	the	
v�s�on	�s	that	the	weather	pred�ct�on	commun�ty	w�ll	finally	have	the	capac-
�ty	 to	understand	and	act	on	 them.	the	benefits	w�ll	be	 real�zed	 through	
�ntegrated,	 �nterd�sc�pl�nary	 research,	R2o,	and	operat�onal	work	 �n	very	
h�gh	�mpact	weather,	urban	meteorology,	renewable	energy	product�on,	and	
other,	long-stand�ng	�ssues	(e.g.,	transportat�on)	at	the	weather–soc�ety	�nter-
face.	soc�oeconom�cs	w�ll	be	�nfused	�nto	weather	research	and	forecast�ng	
�n	these	areas;	and	�n	d�scuss�ons	of	weather	commun�ty	pr�or�t�es,	soc�oeco-
nom�c	perspect�ves	w�ll	be	�ntegrated	�nto	find�ngs	and	recommendat�ons.	
th�s	w�ll	result	�n	meteorolog�cal	researchers	and	forecast	prov�ders,	soc�al	
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sc�ent�sts,	and	forecast	users	work�ng	together	to	generate	weather	sc�ence	
and	serv�ces	that	effect�vely	meet	cr�t�cal	soc�etal	needs.

Recommendation: The weather community and social scientists should 
create partnerships to develop a core interdisciplinary capacity for 
weather–society research and transitioning research to operations, 
starting with three priority areas:

• estimating the societal and economic value of weather information;
• understanding the interpretation and use of weather information 

by various audiences;
• and applying this knowledge to improve communication, use, 

and value.

to	be	effect�ve,	 the	partnersh�p	between	 the	weather	commun�ty	
and	soc�al	sc�ent�sts	should	be	two-way	and	balanced,	and	should	�n-
clude	a	var�ety	of	soc�al	sc�ence	perspect�ves.	Members	of	the	weather	
commun�ty,	�nclud�ng	research	�nst�tut�ons,	un�vers�t�es,	�nd�v�dual	me-
teorolog�sts,	noAA,	nsF,	and	other	agenc�es,	should	pursue	mult�ple	
mechan�sms	 for	 bu�ld�ng	 research	 and	 R2o	 capac�ty	 �n	 the	 soc�o-
econom�cs	of	weather,	�nclud�ng	long-term	�nterd�sc�pl�nary	programs;	
grant-funded	and	d�rected	 research,	R2o,	and	appl�cat�ons	act�v�t�es;	
�ntegrated	 soc�al	 sc�ence–phys�cal	 sc�ence	 testbeds;	 m�ss�on	 agency	
programs	to	develop	capac�ty;	and	educat�onal	�n�t�at�ves.	the	requ�red	
capac�ty	should	be	developed	and	ut�l�zed	through	partnersh�ps	across	
agenc�es,	programs,	and	d�sc�pl�nes,	and	�n	concert	w�th	academ�a	and	
the	pr�vate	sector.
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there	 are	 mult�ple	 research	 and	 research-to-operat�ons	 (R2o)	 �ssues	
that	have	been	recogn�zed	for	some	t�me	as	�mportant	and	ach�evable	but	
that	have	yet	to	be	completed	or	�mplemented	�n	pract�ce.	the	comm�ttee	
refers	to	these	as	established	needs	for	weather	research	and	the	trans�t�on	of	
research	results	�nto	operat�ons—�n	contrast	to	the	emerg�ng	needs	d�scussed	
�n	chapter	4.	Four	establ�shed	pr�or�ty	needs	are	�dent�fied,	and	all	are	�n	
var�ous	 stages	 of	 development,	 but	 none	have	 yet	 been	 resolved	desp�te	
hav�ng	been	�dent�fied	as	press�ng	�n	numerous	prev�ous	stud�es	(see	table	
1.1).	 they	 �nclude	 global	 nonhydrostat�c	 coupled	 model�ng,	 quant�tat�ve	
prec�p�tat�on	 forecast�ng,	 hydrolog�c	 pred�ct�on,	 and	 mesoscale	 observa-
t�ons.	the	reader	may	quest�on	why	hurr�cane	�ntens�ty	 forecast�ng	 �s	not	
�ncluded	here	as	an	establ�shed	need.	the	answer	l�es	�n	the	unavo�dable	
real�ty	that	v�rtually	all	research	and	trans�t�onal	needs	have	both	establ�shed	
and	emerg�ng	aspects,	and	so	the	hurr�cane	�ntens�ty	challenge	�s	embedded	
w�th�n	the	follow�ng	sect�on	on	pred�ctab�l�ty	and	coupled	model�ng	and	�t	
�s	also	embedded	�n	the	follow�ng	chapter	deal�ng	w�th	emerg�ng	needs.

UNDERSTANDING PREDICTABILITy AND 
GLOBAL NONHyDROSTATIC COUPLED MODELING

the	Un�ted	states	cont�nues	 to	ma�nta�n	world	 leadersh�p	 �n	weather	
and	cl�mate	 research	as	 �nd�cated,	 for	example,	by	 the	worldw�de	use	of	
weather1	and	cl�mate2	research	models	developed	�n	the	Un�ted	states	and	
the	 leadersh�p	pos�t�ons	held	by	U.s.	sc�ent�sts	 �n	 �nternat�onal	programs.	
the	nat�on	has	 also	made	 substant�al	 �nvestments	 �n	 the	development	of	
global	satell�te,	 �n	s�tu,	and	remote	sens�ng	observ�ng	systems.	 In	sp�te	of	

1	Weather	Research	and	Forecast�ng	(WRF)	model;	see	http://www.wrf-model.org.
2	commun�ty	cl�mate	system	Model	(ccsM);	see	http://www.ccsm.ucar.edu.

3

Established Weather Research 
and Transitional Needs
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these	accompl�shments,	the	Un�ted	states	�s	not	the	world	leader	�n	global	
numer�cal	weather	pred�ct�on	(nWP).	F�gure	3.1	�nd�cates	that	the	Un�ted	
states	has	made	steady	progress	�n	global	weather	forecast�ng	performance,	
but	so	have	other	countr�es.

W�th�n	 the	 Un�ted	 states,	 however,	 the	 performance	 of	 the	 noAA/
nWs	nat�onal	centers	 for	env�ronmental	Pred�ct�on	(nceP)	Global	Fore-
cast	system	(GFs)	�s	super�or	to	the	navy	operat�onal	Global	Atmospher�c	
Pred�ct�on	system	(noGAPs)	operated	by	the	Fleet	numer�cal	Meteorology	
and	oceanography	center	(FnMoc).	In	part�cular,	the	gap	�n	model	perfor-
mance	between	nceP	and	the	european	centre	for	Med�um-Range	Weather	
Forecasts	 (ecMWF)	 has	 not	 narrowed	 �n	 the	 past	 15	 years.	 the	 pr�mary	
reason	 �s	 the	 slow	and	 somet�mes	 �neffect�ve	 transfer	of	 ach�evements	 �n	
the	external	research	commun�ty	to	operat�onal	centers	�n	the	Un�ted	states	
(R2o).	Another	reason	�s	the	lack	of	�nvestment	and	progress	�n	ass�m�lat�ng	
observat�ons	�n	advanced	weather	pred�ct�on	models,	wh�ch	�s	also	related	
to	 the	 slow	 R2o	 process	 �n	 data	 ass�m�lat�on.	 In	 add�t�on,	 nceP’s	 h�gh-	
performance	comput�ng	(HPc)	capac�ty,	desp�te	recent	upgrades,	lags	be-
h�nd	 the	 capac�t�es	 of	 many	 other	 major	 pred�ct�on	 centers	 around	 the	
world.3	the	complex�t�es	assoc�ated	w�th	us�ng	a	hydrostat�c	global	model	
(GFs)	 and	 a	 var�ety	of	 reg�onal	 (nonhydrostat�c	 and	hydrostat�c)	models4	
makes	�t	very	challeng�ng	to	ma�nta�n	and	�mprove	these	pred�ct�on	models	
and	assoc�ated	data	ass�m�lat�on	schemes,	part�cularly	at	the	underresourced	
nceP.	As	a	consequence,	the	Un�ted	states	�s	not	fully	real�z�ng	the	potent�al	
benefits	of	�ts	substant�al	�nvestments	�n	observ�ng	systems.

Progress and Remaining Needs

As	the	hor�zontal	gr�d	spac�ng	of	models	cont�nues	to	decrease,	espe-
c�ally	 to	 less	 than	 10	 km,	 hydrostat�c	 models	 are	 no	 longer	 appropr�ate,	
and	 �t	 �s	 essent�al	 that	 global	 nonhydrostat�c	 nWP	 models	 (Box	 3.1)	 be	
coupled	w�th	ocean	and	land	models.	In	fact,	Japan’s	global	non–hydrostat�c	
Icosahedral	Atmospher�c	Model	(nIcAM),	wh�ch	runs	on	the	earth	s�mula-
tor5	computer,	has	reached	hor�zontal	gr�d	spac�ng	of	3.5	km	(satoh	et	al.,	
2008),	wh�ch	results	�n	a	spat�al	resolut�on	10	t�mes	greater	(and	an	areal	

3	these	and	other	find�ngs	have	been	d�scussed	�n	the	recently	completed	external	rev�ew	of	
nceP,	the	“2009	commun�ty	Rev�ew	of	nat�onal	centers	for	env�ronmental	Pred�ct�on,”	that	
was	managed	by	the	Un�vers�ty	corporat�on	for	Atmospher�c	Research	(UcAR).	the	execut�ve	
summary	of	the	nceP	rev�ew	�s	�ncluded	as	Append�x	B	of	th�s	report.

4	the	 nceP	 webs�te	 descr�bes	 the	 models	 operated	 by	 nceP;	 see	 http://www.emc.ncep.
noaa.gov/.

5	see	http://www.jamstec.go.jp/esc/�ndex.en.html.
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resolut�on	100	t�mes	greater)	than	the	35-km	gr�d	spac�ng	of	the	hydrostat�c	
GFs	model	at	nceP’s	env�ronmental	Model�ng	center	(eMc).6	ecMWF	has	
also	upgraded	�ts	operat�onal	forecasts	to	16-km	gr�d	spac�ng	s�nce	January	
2010.

now	�s	an	opt�mal	t�me	to	�nvest	�n	th�s	area	because	of	many	ach�eve-
ments	 that	 have	 been	 made	 �n	 the	 past	 decade,	 such	 as	 progress	 �n	 global	

6	see	http://www.emc.ncep.noaa.gov/gmb/stAts/html/model_changes.html.

FIGURE 3.1 The United States and other countries have made steady progress in global weather forecasting 
performance. Time series of seasonal mean anomaly correlations of 5-day forecasts of 500-hPa heights for 
different forecast models (Global Forecast System [GFS], ECMWF (EC in legend), UK Meteorological Office 
[UKMO], Fleet Numerical Meteorology and Oceanography Center [FNMOC], the frozen Coordinated Data 
Analysis System [CDAS], and Canadian Meteorological Centre [CMC] model) from 1985 to 2008. Seasons 
are 3-month non-overlapping averages, Mar–Apr–May, etc. for the Northern Hemisphere. The green shaded 
bars at the bottom are differences between ECMWF and GFS performance. SOURCE: NCEP. Available at 
http://www.emc.ncep.noaa.gov/gmb/STATS/html/seasons.html.
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BOX 3.1
Modeling Terminology

Convective parameterizations: When an atmospheric model’s grid spacing is too coarse relative to 
the scales of convective clouds, convective processes cannot be resolved by the model and hence are 
represented in terms of the grid-scale model variables. This is a necessary simplification that cannot be 
avoided unless the model grid spacing is small enough to explicitly resolve these convective clouds.

High-resolution nonhydrostatic atmospheric models: Nonhydrostatic atmospheric models are 
models in which the hydrostatic approximation (that the vertical pressure gradient and buoyancy force 
are in equilibrium) is not made, so that the vertical velocity equation (arising from applying Newton’s 
second law to atmospheric motion) is solved. This allows nonhydrostatic models to be used success-
fully for horizontal scales of the order of 100 m. “High resolution” has different meanings for global, 
regional, and local models and its meaning also changes with time (or with the increase of computing 
power over time). At present, “high resolution” usually refers to a few kilometers in horizontal grid spac-
ing in global models and around 1 km for regional models.

Icosahedral grid: This is a geodesic grid formed by arcs of great circles on the spherical Earth. It 
consists of 20 equilateral triangular faces expanded onto a sphere and further subdivided into smaller 
triangles. It provides near-uniform coverage over the globe while allowing recursive refinement of grid 
spacing.

Incompatible lateral boundary conditions: Lateral boundary conditions refer to the conditions at 
the horizontal boundaries of regional atmospheric–ocean–land models that are necessary for running 
these models and are provided from the output of global models or reanalyses. Incompatible condi-
tions can arise from differences in the regional and global models in the model physics (e.g., cloud 
microphysics), dynamics (e.g., atmospheric waves), or configuration (e.g., topography), and can have 
a significant and negative impact on regional modeling.

Predictability and predictive skill: Predictability refers to the extent to which future states of a system 
may be predicted based on knowledge of current and past states of the system. Because knowledge of 
the system’s past and current state is generally imperfect (as are the models that utilize this knowledge 
to produce predictions), predictability is inherently limited. Even with arbitrarily accurate models and 
observations, there may still be limits to the predictability of a physical system due to chaos. In con-
trast, predictive skill refers to the statistical evaluation of the accuracy of predictions based on various 
formulations (or skill scores). Predictability provides the upper limit in the time for skillful predictions.

Quantitative Precipitation Estimation (QPE): QPE refers to the estimation of precipitation amounts 
or rates based on remote sensing data from radar, satellites, or lightning detection systems, and also 
estimates from in situ gauges that may or may not provide spatially representative data.

Quantitative Precipitation Forecasting (QPF): QPF refers to forecasts of precipitation that are 
quantitative (e.g., millimeters of rain, centimeters of snow) rather than qualitative (e.g., light rain, flur-
ries), indicating the type and amount of precipitation that will fall at a given location during a particular 
time period.

Testbeds: A testbed is a platform for rigorous testing of scientific theories, numerical models or model 
components, and new technologies. Testbeds in weather forecasting allow for the testing of new ideas 
in a live environment similar to that in weather forecasting, and hence accelerate the transition from 
research to operations.
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nonhydrostat�c	research	model�ng,	progress	�n	data	ass�m�lat�on	(�nclud�ng	the	
ass�m�lat�on	of	WsR-88D	radar	reflect�v�ty	and	rad�al	veloc�ty	data	over	the	con-
t�nental	Un�ted	states),	and	�ncreased	h�gh-performance	comput�ng	capac�ty.

A	recent	ach�evement	�s	the	establ�shment	of	var�ous	testbeds	(e.g.,	the	
mult�agency,	d�str�buted	Developmental	testbed	center;	and	the	v�rtual	na-
t�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on	[noAA]	Hydrometeorolog�-
cal	testbed	[HMt]),	wh�ch	w�ll	be	helpful	for	the	R2o	trans�t�on	as	venues	
to	 test	new	observ�ng	and	forecast	capab�l�t�es.	the	nat�onal	Aeronaut�cs	
and	 space	 Adm�n�strat�on	 (nAsA)/noAA/Department	 of	 Defense	 (DoD)	
Jo�nt	center	for	satell�te	Data	Ass�m�lat�on	(JcsDA)	has	also	been	establ�shed	
w�th	the	goal	of	accelerat�ng	the	use	of	global	satell�te	data	�n	operat�onal	
forecast�ng.	However,	extramural	fund�ng	to	support	operat�onally	or�ented	
research	at	these	testbeds	�s	very	l�m�ted	(Mass,	2006).

In	 add�t�on	 to	 the	 requ�rement	 for	 better	 weather	 forecast�ng	 models	
and	more	effic�ent	and	effect�ve	data	ass�m�lat�on	methods,	there	�s	a	press-
�ng	need	for	bas�c	research	to	better	understand	the	�nherent	pred�ctab�l�ty	
of	weather	phenomena	at	 d�fferent	 temporal	 and	 spat�al	 scales,	wh�ch	 �s	
also	relevant	to	soc�al	sc�ent�sts	whose	research	and	quest�ons	often	have	
elements	of	scale	(see	chapter	2).	there	�s	also	a	major	emerg�ng	weather	
research	 quest�on	 concern�ng	 how	 weather	 may	 change	 �n	 a	 chang�ng	
cl�mate.	these	and	s�m�lar	�ssues	have	been	ra�sed	�n	var�ous	prev�ous	stud-
�es	 (e.g.,	 PDt–1	 [emanuel	 et	 al.,	 1995];	 PDt–2	 [Dabberdt	 and	 schlatter,	
1996];	PDt–7	[emanuel	et	al.,	1997];	nRc,	1998b),	but	l�ttle	progress	has	
been	ach�eved.	Although	the	relat�onsh�p	between	changes	�n	cl�mate	and	
weather	�s	�mportant	both	sc�ent�fically	and	pract�cally,	�t	�s	outs�de	the	scope	
of	the	present	study	and	th�s	report.

It	�s	now	w�dely	recogn�zed	that	phys�cal	processes	at	the	atmosphere–
ocean–land	�nterface	play	a	s�gn�ficant	role	�n	weather	forecast�ng,	such	as	
the	�mpact	of	atmosphere–wave–ocean	coupl�ng	on	hurr�cane	forecast�ng	
(chen	et	al.,	2007)	and	land–atmosphere	coupl�ng	on	near-surface	a�r	tem-
perature,	hum�d�ty,	turbulent	fluxes,	convect�on	�n�t�at�on,	and	prec�p�tat�on.	
the	role	of	b�olog�cal	(e.g.,	vegetat�on	greenness	and	leaf	area	�ndex)	and	
chem�cal	(e.g.,	trace	gases,	aerosols)	processes	�n	weather	and	a�r	pollut�on	
forecast�ng	has	also	rece�ved	�ncreased	attent�on.

Unified Modeling Frameworks and Coupled Modeling

Many	global	weather	 forecast�ng	models,	such	as	 those	at	nceP	and	
ecMWF,	are	hydrostat�c	because	 the�r	gr�d	spac�ngs	are	generally	greater	
than	10	km	or	so.	In	contrast,	many	reg�onal	weather	research	and	forecast	
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models	(e.g.,	WRF)	are	nonhydrostat�c.	of	part�cular	note	are	h�gh-resolut�on	
nonhydrostat�c	models	(those	w�th	gr�d	spac�ng	around	2	km),	wh�ch	would	
remove	the	dependence	of	the	model	on	convect�ve	parameter�zat�ons,	a	
major	 barr�er	 for	 progress	 �n	 weather	 forecast�ng.	 Global	 nonhydrostat�c	
nWP	models	would	prov�de	a	un�fied	framework	for	global	and	reg�onal	
model�ng,	and	consequently	help	form	a	more	seamless	trans�t�on	between	
weather	 and	 cl�mate	 pred�ct�ons;	 the	 �mportance	 of	 a	 un�fied	 framework	
was	recently	advocated	by	the	World	cl�mate	Research	Program	�n	�ts	new	
strateg�c	plan	(WcRP,	2009).	the	UK	Meteorolog�cal	office7	has	adopted	
th�s	approach	w�th	pos�t�ve	results	(F�gure	3.1).	such	a	un�fied	nonhydrostat�c	
model�ng	system	w�th	d�fferent	configurat�ons	(e.g.,	as	a	global	model	w�th	
a	un�form	hor�zontal	resolut�on,	as	a	global	model	w�th	two-way	�nterac-
t�ve	finer	meshes	at	spec�fic	reg�ons,	or	as	a	reg�onal	model)	has	also	been	
developed	�n	the	Un�ted	states	(Walko	and	Av�ssar,	2008).	the	nonhydro-
stat�c	WRF	model	has	been	w�dely	used	(there	are	thousands	of	reg�stered	
domest�c	and	�nternat�onal	users	from	publ�c	agenc�es,	academ�a,	and	the	
pr�vate	sector)	as	a	reg�onal	model	for	research	and	weather	forecast�ng	(e.g.,	
nceP);	WRF	can	also	be	configured	as	a	global	model.	However,	w�th	a	
lat�tude-long�tude	gr�d	�n	the	global	WRF,	a	polar	filter	�s	st�ll	requ�red,	and	a	
better	alternat�ve	gr�d	may	be	the	�cosahedral	gr�d	(see	Box	3.1).	th�s	devel-
opment	of	a	un�fied	framework	would	fac�l�tate	and	�ncrease	the	�nteract�on	
among	 several	 commun�t�es	 that	 have	 trad�t�onally	been	 segregated—the	
weather	and	cl�mate	commun�t�es,	and	the	reg�onal	and	global	model�ng	
commun�t�es.	A	common	model	framework	would	also	reduce	costs	through	
�mproved	effic�enc�es	and	enhanced	collaborat�ons	�n	the	development	of	
var�ous	model	phys�cal	parameter�zat�ons.

H�gh-resolut�on	 global	 nonhydrostat�c	 models	 have	 the	 potent�al	 to	
�mprove	reg�onal	model�ng	because	many	reg�onal	weather	pred�ct�on	and	
data	 ass�m�lat�on	 problems	 are	 essent�ally	 global	 problems;	 better	 global	
models	can	also	reduce	the	effects	of	�ncompat�ble	lateral	boundary	cond�-
t�ons	for	the	reg�onal	models	through	the	use	of	cons�stent	model	phys�cs	
and	two-way	nest�ng.	the	ab�l�ty	 to	run	both	global	and	reg�onal	models	
�n	two-way	nested	mode	w�ll	also	create	many	new	research	opportun�t�es	
(e.g.,	to	study	changes	�n	weather	�n	a	chang�ng	cl�mate	and	the	potent�al	
upscal�ng	effects	on	global	c�rculat�ons).

A	 number	 of	 key	 capab�l�t�es	 rema�n	 to	 be	 developed	 for	 coupled	
nonhydrostat�c	models;	they	�nclude	suffic�ently	h�gh	spat�al	and	temporal	
resolut�ons	that	enable	convect�on	and	h�gh-�mpact	weather	to	be	expl�c-

7	see	www.metoffice.gov.uk/sc�ence/creat�ng/daysahead/nwp/um.html.
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�tly	 resolved	 (avo�d�ng	 the	 l�m�tat�ons	 of	 cumulus	 parameter�zat�ons)	 �n	
global	models;	ass�m�lat�on	of	convect�ve-scale	observat�ons	us�ng	advanced	
methods	that	el�m�nate	prec�p�tat�on	sp�n-up	and	�mprove	�n�t�al	cond�t�ons	
�n	general;	�mprovements	�n	cloud	m�crophys�cs,	phys�cs	of	the	planetary	
boundary	 layer	 (PBL),	 and	 �nterface	 phys�cs	 related	 to	 the	 atmospher�c	
coupl�ng	 to	 ocean	 and	 land	 processes;	 and	 des�gn	 and	 development	 of	
convect�ve-scale	ensemble	pred�ct�on	and	post-process�ng	systems	for	�m-
proved	and	read�ly	�nterpretable	probab�l�st�c	forecasts.

Var�ous	numer�cal	methods—spectral,	fin�te-d�fference,	and	fin�te-vol-
ume—have	 been	 used	 �n	 global	 hydrostat�c	 weather	 forecast�ng	 models.	
For	 global	 h�gh-resolut�on	 nonhydrostat�c	 models,	 further	 evaluat�on	 of	
these	 methods	 and	 development	 of	 new	 methods	 are	 st�ll	 needed.	 new	
gr�d	cell	structures	(rather	than	the	trad�t�onal	lat�tude-long�tude	gr�ds)	are	
needed,	 espec�ally	 for	 the	 treatment	 at	 the	 poles	 (e.g.,	 Walko	 and	 Av�s-
sar,	 2008).	A	 prom�s�ng	 comb�nat�on	 m�ght	 be	 the	 fin�te-volume	 method	
w�th	�cosahedral	gr�d	cells	(e.g.,	He�kes	and	Randall,	1995).	In	part�cular,	
a	new	global	weather	forecast�ng	model	w�th	�cosahedral	hor�zontal	gr�d,	
�sentrop�c-s�gma	 hybr�d	 vert�cal	 coord�nate,	 and	 fin�te-volume	 hor�zontal	
transport	 (called	 “FIM”)	has	been	developed	at	 the	noAA	earth	 systems	
Research	Laboratory	(esRL).8	the	hydrostat�c	vers�on	of	FIM	�s	ava�lable,	but	
the	nonhydrostat�c	vers�on	rema�ns	to	be	developed.

observat�ons	are	 st�ll	 �nadequate	 to	opt�mally	 run	and	evaluate	most	
h�gh-resolut�on	models	and	determ�ne	 forecast	 sk�lls	at	var�ous	 scales.	 (A	
deta�led	d�scuss�on	of	the	opportun�t�es	and	needs	for	mesoscale	observa-
t�ons	 �s	 prov�ded	 �n	 the	 last	 sect�on	 �n	 th�s	 chapter.)	 Perhaps	 even	 more	
challeng�ng	 �s	 the	 development	 of	 su�table	 and	 effect�ve	 ver�ficat�on	 and	
evaluat�on	metr�cs	and	methods	for	determ�n�ng	probab�l�st�c	forecast	sk�lls	
at	d�fferent	scales.

H�gh-resolut�on	and	ensemble	forecasts	requ�re	h�gh	performance	com-
put�ng	(HPc)	capab�l�ty	for	model	pred�ct�ons	but	also	for	data	ass�m�lat�on,	
post-process�ng,	and	v�sual�zat�on	of	 the	unprecedented	 large	volumes	of	
data.	HPc	fac�l�t�es	are	currently	ava�lable	at	some	Department	of	energy	
(Doe)	and	nAsA	centers,	as	well	as	at	nsF-sponsored	centers,	wh�ch	are	
usually	used	for	research	and	cl�mate	s�mulat�ons.	It	would	be	benefic�al	to	
have	an	HPc	center	that	�s	ded�cated	to	the	support	of	weather	forecast�ng	
and	research	�n	the	academ�c	and	related	research	commun�ty	to	fac�l�tate	
R2o	act�v�t�es.	HPc	fac�l�t�es	are	also	subopt�mal	w�th�n	noAA	for	opera-
t�onal	 weather	 forecast�ng.	 A	 substant�al	 �ncrease	 �n	 comput�ng	 capac�ty	

8	see	http://fim.noaa.gov.
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ded�cated	to	the	operat�onal	and	research	commun�t�es	for	the	h�gh-resolu-
t�on	weather	model�ng	enterpr�se	�s	requ�red	(see	Append�x	B).	the	recent	
noAA	partnersh�p	w�th	the	Doe	oak	R�dge	nat�onal	Laboratory	on	HPc	
support	(w�th	a	focus	on	cl�mate	research	and	pred�ct�on)	w�ll	help	allev�ate	
the	HPc	demand	at	nceP.	Also	cruc�al	 �s	development	of	 �mproved	soft-
ware	to	�ncrease	the	computat�onal	effic�ency	and	scalab�l�ty	of	the	forecast	
models	as	well	as	post-process�ng	and	v�sual�zat�on,	part�cularly	at	petascale	
(1015)	HPc	(e.g.,	nRc,	2008c).

Data Assimilation and Observations

Data	 ass�m�lat�on	 as	 part	 of	 the	 forecast	 system	 �s	 also	 �mportant	 for	
acqu�r�ng	and	ma�nta�n�ng	observ�ng	systems	that	prov�de	the	opt�mal	cost-
benefit	 rat�o	 to	 d�fferent	 user	 groups	 and	 the�r	 appl�cat�ons.	 Data	 den�al	
exper�ments	 can	 select�vely	 w�thhold	 data	 from	 one	 (or	 more)	 system(s)	
and	assess	the	degradat�on	�n	forecast	sk�ll.	Data	ass�m�lat�on	can	be	used	
to	 determ�ne	 the	 opt�mal	 m�x	 of	 current	 and	 future	 �n	 s�tu	 and	 remotely	
sensed	measurements,	and	also	for	adapt�ve	or	targeted	observat�ons	(e.g.,	
Langland,	2005).	It	�s	also	benefic�al	to	understand	the	�mpacts	of	observ�ng	
systems	on	model	 performance	 and	 the	 result�ng	 forecast	 accuracy	 (e.g.,	
Gelaro	and	Zhu,	2009;	Rab�er	et	al.,	2008).	W�th	ag�ng	satell�tes	�n	space	
and	 �nsuffic�ent	satell�tes	 �n	 the	nAsA	and	noAA	p�pel�nes	 to	replace	or	
enhance	them,	observ�ng	system	s�mulat�on	exper�ments	can	also	help	sup-
port	deta�led	cost-benefit	analyses.

Bes�des	the	satell�te	and	rad�osonde	data	that	are	w�dely	used	�n	global	
operat�onal	nWP,	the	ass�m�lat�on	of	data	from	radar	and	other	sources	�s	
also	cruc�al,	part�cularly	for	reg�onal	forecast�ng.	Prel�m�nary	work	done	at	
the	Un�vers�ty	of	oklahoma	(Xue	et	al.,	2009)	�nd�cates	that	a	h�gh-resolut�on	
reg�onal	 model	 �n�t�al�zed	 us�ng	 global	 model	 output	 has	 relat�vely	 large	
�n�t�al	errors	�n	prec�p�tat�on	forecast�ng	but	these	errors	do	not	further	�n-
crease	w�th	t�me	�n	the	first	few	hours.	on	the	other	hand,	the�r	results	also	
�nd�cate	that	reg�onal	prec�p�tat�on	forecast�ng	w�th	radar	data	ass�m�lat�on	
has	smaller	�n�t�al	errors	but	they	�ncrease	rap�dly	w�th	t�me	�n	the	first	few	
hours,	as	expected	from	our	understand�ng	of	atmospher�c	pred�ctab�l�ty.

For	data	ass�m�lat�on	�n	h�gh-resolut�on,	cloud-resolv�ng,	and	coupled	
a�r–sea–land	models,	�t	�s	part�cularly	�mportant	to	address	the	�ncons�stency	
�n	model	phys�cs	and	observat�ons.	For	�nstance,	the	cloud	droplet	s�ze	d�str�-
but�on	assumed	�n	models	may	not	be	the	same	as	that	assumed	�n	satell�te-
retr�eved	cloud	propert�es.	Although	s�gn�ficant	progress	has	been	made	�n	
data	ass�m�lat�on	us�ng	the	�nd�v�dual	model	component	of	the	atmosphere,	
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ocean,	or	land,	progress	�s	lack�ng	w�th	the	fully	coupled	system.	there	�s	
also	 a	 lack	 of	 coherent	 observat�ons	 across	 the	 atmosphere–ocean–land	
�nterface	for	data	ass�m�lat�on	�n	the	fully	coupled	models.

It	 �s	 �mportant	 to	cr�t�cally	compare	d�fferent	advanced	data	ass�m�la-
t�on	methods,	(e.g.,	the	ensemble	Kalman	filter	[enKF]	and	4-d�mens�onal	
var�at�onal	 [4DVar]	analys�s)	w�th	 those	methods	currently	used	by	 some	
operat�onal	models	such	as	3-d�mens�onal	var�at�onal	(3DVar)	approaches.	
For	�nstance,	the	navy’s	FnMoc	recently	�n�t�ated	operat�onal	use	of	the	
naval	Research	Laboratory’s	4DVar	data	ass�m�lat�on	system	to	replace	the	
3DVar	�n	noGAPs.	Prel�m�nary	�mpact	tests	(Xu	and	Baker,	2009)	�nd�cate	
that	 equ�valent	 5-day	 forecast	 sk�ll	 w�th	 the	 4DVar	 system	 �s	 extended	
about	 9	 hours	 �n	 the	 southern	 Hem�sphere	 and	 4	 hours	 �n	 the	 northern	
Hem�sphere,	and	trop�cal	cyclone	5-day	track	forecast	errors	are	reduced.	
s�m�larly,	the	exper�ments	at	the	noAA	esRL	(MacDonald,	2009)	�nd�cate	
that	the	enKF	�mproves	global	weather	forecasts	compared	w�th	the	3DVar	
system.	A	commun�ty	consensus	�s	emerg�ng	that	the	future	of	data	ass�m�la-
t�on	may	belong	to	a	hybr�d	enKF-4DVar	system	(e.g.,	Zhang	et	al.,	2009);	
the	 pace	 �n	 test�ng	 and	 �mplement�ng	 such	 a	 hybr�d	 system	 needs	 to	 be	
accelerated	at	nceP.

Model	 advances—such	 as	 �mproved	 gr�d	 resolut�on,	 model	 phys�cs,	
and	data	ass�m�lat�on—also	�mprove	the	performance	of	short-range,	0-	to	
12-hour	forecasts.	these	forecasts	are	of	h�gh	soc�etal	relevance	for	many	
appl�cat�ons,	 such	as	 forecast�ng	 severe	weather	 (warn�ng	 the	publ�c	and	
protect�ng	l�ves	and	property),	w�nd	speed/d�rect�on	changes	(�mprov�ng	the	
use	of	w�nd-generated	power),	solar	rad�at�on	(for	solar	power	generat�on),	
v�s�b�l�ty	 (for	 surface	and	av�at�on	 transport),	and	a�r	pollut�on	 (for	publ�c	
health).	such	forecasts	also	demand	and	st�mulate	the	development	of	new	
observ�ng	technolog�es	and	measurements,	such	as	the	h�gh-performance,	
low-cost,	 polar�metr�c	 X-band	 radar	 networks	 be�ng	 developed	 w�th�n	
the	 collaborat�ve	 Adapt�ve	 sens�ng	 of	 the	 Atmosphere	 (cAsA)	 program	
(McLaughl�n	et	al.,	2007,	2009).

observat�onal	data	w�th	h�gh	temporal	and	spat�al	resolut�on	are	cruc�al	
to	the	understand�ng	of	atmospher�c	processes,	prov�d�ng	data	for	ass�m�la-
t�on	�n	models,	and	evaluat�ng	and	�mprov�ng	those	models.	th�s	requ�res	
the	 synerg�st�c	 comb�nat�on	 of	 data	 from	 d�verse	 sources.	 Raw�nsonde,	
radar,	satell�te,	and	a�rcraft	data	as	well	as	data	from	other	sources	all	play	
complementary	roles	�n	weather	research	and	forecast�ng.

Raw�nsonde	coverage	needs	to	be	ma�nta�ned	and	enhanced	because	of	
�ts	value	for	weather	forecast�ng	and	evaluat�on	of	satell�te	data.	Geostat�on-
ary	satell�tes	prov�de	excellent	temporal	coverage,	but	new	technolog�es	are	
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st�ll	requ�red	to	add	pass�ve	m�crowave	sensors	that	can	penetrate	through	
clouds.	Polar	orb�t�ng	satell�tes	prov�de	global	coverage	w�th	better	spat�al	
resolut�on,	but	act�ve	m�crowave,	�nfrared,	rad�o	frequency,	and	opt�cal	sen-
sors	are	st�ll	needed	to	prov�de	data	on	the	three-d�mens�onal	structure	of	
the	atmosphere.	sound�ngs	of	refract�ve	�ndex	(as	a	funct�on	of	atmospher�c	
temperature	and	the	part�al	pressures	of	dry	a�r	and	water	vapor)	from	global	
pos�t�on�ng	system	(GPs)	satell�tes	have	also	proved	very	useful	for	weather	
forecast�ng.	 neXRAD	 (WsR	 88-D)	 radars	 prov�de	 excellent	 prec�p�tat�on	
detect�on	above	the	PBL	over	relat�vely	flat	surfaces,	but	the�r	spat�al	cov-
erage—espec�ally	 over	 the	 western	 Un�ted	 states—�s	 far	 from	 complete,	
and	some	radars	are	not	opt�mally	s�ted	for	weather	research	and	forecast-
�ng.	the	�ncrease	�n	the	number	of	radar	s�tes	and	technolog�cal	upgrades	
(e.g.,	the	planned	dual-polar�zat�on	capab�l�ty)	are	very	much	needed.	the	
mass�ve	numbers	of	 surface	networks	need	 to	be	effect�vely	used	 �n	data	
ass�m�lat�on.	 s�m�larly,	 methods	 to	 make	 good	 use	 of	 the	 large	 numbers	
of	automated	meteorolog�cal	reports	 from	commerc�al	a�rcraft	need	to	be	
developed	(Mon�nger	et	al.,	2003).	More	deta�led	d�scuss�on	on	mesoscale	
observat�ons	are	prov�ded	�n	the	last	sect�on	of	th�s	chapter.

F�nally,	a	nat�onal	capac�ty	needs	to	be	developed	for	opt�m�z�ng	the	
trans�t�on�ng	 of	 env�ronmental	 observat�ons	 from	 research	 to	 operat�ons.	
such	a	capac�ty	�s	st�ll	lack�ng	at	present	(nRc,	2009b).	A	rat�onal	five-step	
procedure	for	configur�ng	an	opt�mal	observ�ng	system	for	weather	pred�c-
t�on	was	proposed	a	decade	ago	by	a	prospectus	development	team,	PDt–7	
(emanuel	et	al.,	1997)	and	rema�ns	relevant	today.	Br�efly	summar�zed,	the	
procedure	 �nvolves	 �dent�fy�ng	 spec�fic	 forecast	 problems;	 us�ng	 contem-
porary	model�ng	techn�ques;	est�mat�ng	the	�ncremental	forecast	�mprove-
ments;	 est�mat�ng	 the	 overall	 cost	 (to	 the	 nat�on,	 rather	 than	 to	 spec�fic	
federal	agenc�es);	and	us�ng	standard	cost-benefit	analyses	to	determ�ne	the	
opt�mal	deployment.

Recommendation: Global nonhydrostatic, coupled atmosphere–ocean–
land models should be developed to meet the increasing demands for 
improved weather forecasts with extended timescales from hours to 
weeks.

these	 model�ng	 systems	 should	 have	 the	 capab�l�ty	 for	 d�fferent	
configurat�ons:	as	a	global	model	w�th	a	un�form	hor�zontal	resolut�on;	
as	 a	 global	 model	 w�th	 two-way	 �nteract�ve	 finer	 gr�ds	 over	 spec�fic	
reg�ons;	 and	 as	 a	 reg�onal	 model	 w�th	 one-way	 coupl�ng	 to	 var�ous	
global	models.	Also	requ�red	are	�mproved	atmospher�c,	ocean�c,	and	
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land	observat�ons,	as	well	as	s�gn�ficantly	�ncreased	computat�onal	re-
sources	to	support	the	development	and	�mplementat�on	of	advanced	
data	ass�m�lat�on	systems	such	as	4DVar,	enKF,	and	hybr�d	4DVar–enKF	
approaches.

Predictability

Intr�ns�c	pred�ctab�l�ty	of	the	atmosphere–ocean–land	system	�s	a	fun-
damental	 research	 �ssue.	 even	 though	pred�ctab�l�ty	has	been	 stud�ed	 for	
the	past	half	century	and	was	a	major	theme	�n	the	stormscale	operat�onal	
and	Research	Meteorology	(stoRM)	documents	�n	the	1980s	(e.g.,	ncAR,	
1984),	not	much	�s	known	today	about	the	�nherent	l�m�ts	to	pred�ctab�l�ty	
of	 var�ous	 weather	 phenomena	 at	 d�fferent	 spat�al	 and	 temporal	 scales.	
Because	of	the	error	growth	across	all	scales,	from	cumulus	convect�on	to	
mesoscale	weather	and	large-scale	c�rculat�ons,	a	h�gh-resolut�on	(preferably	
cloud-resolvable)	 nonhydrostat�c	 global	model	 �s	 cruc�al	 to	 address	 such	
error	growth	and	better	understand	 the	pred�ctab�l�ty	of	weather	 systems.	
Although	 pred�ctab�l�ty	 �s	 obv�ously	 �mportant	 to	 operat�onal	 forecast�ng,	
�ncreased	emphas�s	on	bas�c	 sc�ence	 (such	as	 the	 l�m�ts	of	pred�ctab�l�ty)	
would	be	benefic�al	to	the	greater	weather	commun�ty.

Another	 fundamental	quest�on	of	pred�ctab�l�ty	 �s	error	growth	across	
var�ous	scales.	th�s	�ssue	�s	part�cularly	�mportant	as	h�gher-resolut�on	non-
hydrostat�c	global	models	are	developed.	For	�nstance,	how	up-scal�ng	error	
growth	from	convect�ve	scales	affects	the	larger	scale	c�rculat�on	�s	poorly	
understood	 �n	 both	 reg�onal	 and	 global	 models.	 some	 recent	 model�ng	
exper�ments	 �nd�cate	 that	 �ncreas�ng	 model	 resolut�on	 may	 not	 �mprove	
forecast�ng	sk�ll	for	the	first	few	days	but	may	�mprove	forecasts	for	days	3	
through	5	(MacDonald,	2009).

Actual	 pred�ct�ve	 sk�ll	 may	 l�kely	 be	 dependent	 on	 the	 spec�fic	 phe-
nomenon	 (e.g.,	 mesoscale	 convect�ve	 systems	 [Mcss]	 versus	 tornadoes).	
It	 �s	d�fficult	 to	assess	pred�ct�ve	sk�ll,	because	 the	 lack	of	sk�ll	can	result	
from	 problems	 ar�s�ng	 from	 data	 and	 data	 ass�m�lat�on	 defic�enc�es,	 er-
rors	 �n	 numer�cal	 representat�on,	 �ntr�ns�c	 pred�ctab�l�ty	 l�m�tat�ons,	 and	
forecast	ver�ficat�on	methodology.	Retrospect�ve	forecasts	have	been	found	
to	be	helpful	�n	better	understand�ng	forecast	errors	and	�mprov�ng	global	
forecast	sk�lls	(Ham�ll	et	al.,	2006).	to	address	both	�ntr�ns�c	pred�ctab�l�ty	
and	pred�ct�ve	sk�ll,	global	nonhydrostat�c	model�ng	can	be	helpful.	If	such	
models	are	used	operat�onally	and	�f	they	become	user-fr�endly	and	ava�lable	
to	the	research	commun�ty,	researchers	w�ll	be	able	to	ass�st	�n	d�agnos�ng	
the	 sources	of	 errors	by	 rerunn�ng	model�ng	cases	w�th	 large	 (and	 small)	
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forecast	errors	and	carefully	analyz�ng	the	results.	In	short,	�t	�s	d�fficult	to	
address	 and	 understand	 �ntr�ns�c	 pred�ctab�l�ty	 �n	 the	 current	 operat�onal	
pred�ct�on	env�ronment.

to	address	pred�ct�on	sk�ll,	there	�s	the	need	to	understand	the	causes	of	
poor	forecasts	(or	forecast	outl�ers),	�dent�fy	sources	of	error	(e.g.,	�n	model	
phys�cs,	observat�ons,	or	methods),	and	�dent�fy	solut�ons	that	may	�mprove	
pred�ct�on	sk�ll.	the	research	commun�ty	can	contr�bute	s�gn�ficantly	 to	an	
understand�ng	of	these	�ssues	by	us�ng	operat�onal	models	(o2R)	�n	the�r	re-
search	and	transferr�ng	research	results	back	to	the	operat�onal	centers	(R2o).	
Further	d�scuss�on	of	the	�mportance	of	o2R	�s	prov�ded	�n	Box	3.2.

Societal Benefits

Improvements	 �n	weather	 forecast�ng	brought	about	by	better	models	
w�ll	help	�ncrease	U.s.	econom�c	effic�ency	and	product�v�ty;	�mprove	man-
agement	of	a�r,	land,	ra�l,	and	sh�p	transportat�on	systems	�nclud�ng	nextGen	
and	 the	 Federal	 H�ghway	 Adm�n�strat�on’s	 Intell�Dr�vesM	 In�t�at�ve;9	 �m-
prove	renewable	energy	s�t�ng	and	product�on;	and	enhance	other	weather-
	sens�t�ve	appl�cat�ons	where	better	 forecasts	 lead	to	�ncreased	safety,	cost	
avo�dance,	and	�mproved	performance.	Part�c�pat�on	of	soc�al	sc�ent�sts	and	
the	soc�oeconom�c	commun�ty	�s	requ�red	to	address	the	soc�etal	�mpacts	
and	quant�fy	the	benefits,	�mprove	the	focus	of	weather	research,	and	real-
�ze	the	�mportance	of	weather	forecast�ng	�n	general.	the�r	part�c�pat�on	�s	
also	cruc�al	to	address	the	value	of	new	and	�mproved	weather	�nformat�on	
products	from	h�gh-resolut�on	nonhydrostat�c	reg�onal	and	global	models.	
these	 �ssues	 are	 d�scussed	 �n	 more	 deta�l	 �n	 chapter	 2	 (soc�oeconom�c	
Research	 and	 capac�ty)	 and	 chapter	 4	 (emerg�ng	 Weather	 Research	 and	
trans�t�onal	needs).

QUANTITATIVE PRECIPITATION ESTIMATION AND FORECASTING

The Challenge

QPFs	(Box	3.1)	are	much	less	sk�llful	than	forecasts	of	meteorolog�cal	
state	var�ables	(pressure,	temperature,	and	hum�d�ty)	and	w�nds	(Fr�tsch	and	
carbone,	2004).	Prec�p�tat�on,	wh�le	often	forced	by	large-scale	dynam�cal	
cond�t�ons,	 �s	also	heav�ly	 �nfluenced	by	 reg�onal	mesoscale	c�rculat�ons,	
m�croscale	 processes	 w�th�n	 cloud	 systems,	 and	 local�zed	 forc�ngs	 near	

9see	http://www.�ntell�dr�veusa.org/.
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the	planetary	surface.	A	casual	glance	at	typ�cal	prec�p�tat�on	patterns	as-
soc�ated	w�th	�nd�v�dual	events	reveals	substant�al	mesoscale	var�ab�l�ty	�n	
all	 seasons.	 th�s	 var�ab�l�ty	 challenges	 both	 the	 forecast	 process	 and	 the	
adequacy	of	prec�p�tat�on	observat�ons,	wh�ch	enable	hydrolog�c	pred�ct�on	
and	prec�p�tat�on	forecast	ver�ficat�on.

BOX 3.2
Importance of Operations to Research (O2R)

Although R2O is usually emphasized, O2R is also important. Routine fore-
casts and verifications at operational centers provide outstanding questions in 
weather research. If the research community can present ideas to directly address 
these questions, operational centers will have a strong motivation to accelerate the 
transition of these ideas to operation, because these ideas might facilitate solv-
ing operational weather forecasting problems. Furthermore, few, if any, individual 
groups have the capability to routinely run ensembles of weather forecasting 
models as large as those at operational centers.

To make O2R efficient, the operational centers and the research community 
need to work more closely. One way to achieve this would be for the NWS and 
its NCEP/EMC to make the operational models more user-friendly and available 
to the research community (beyond what NCEP/EMC has already done to make 
ensemble model outputs available to researchers). In particular, the operational 
models need to be well documented so that graduate students can easily run these 
models and understand the model physics and dynamics. The research commu-
nity, in turn, could use those ensemble outputs to better analyze, understand, and 
improve the poor forecast cases, address research questions related to weather 
forecasting, and also use the operational models in their research. The TIGGE 
project (THORPEX Interactive Grand Global Ensemble; Bougeault et al., 2010) 
illustrates good progress in this area. TIGGE has made available for the first time 
the ensemble forecasts from multiple operational centers in a consistent format. 
As useful as these datasets are, even the TIGGE archive does not contain the full 
arrays of model fields.

It is necessary to place more emphasis on providing the full, high-resolution 
data stream of observations and forecasts to the entire community in a timely 
fashion, as originally suggested by Mass (2006). Currently, NCEP cannot distrib-
ute all of the data it produces from its modeling system, significantly filtering the 
output in both three-dimensional space and time before distribution. This limits 
the ability of users to capitalize on the full value of these forecasts. This limitation 
will only grow worse as the resolution and duration of forecasts increase and as 
ensemble systems proliferate. As a way to alleviate this issue, modeling centers 
could consider becoming “open” centers, inviting value-adding applications access 
to the full and direct model output within the centers. Such an open approach 
would likely also catalyze more intellectual exchanges between members of the 
weather enterprises.
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QPE Status and Progress

operat�onal	 QPe	 (Box	 3.1)	 over	 U.s.	 terr�tory	 �s	 currently	 ach�eved	
through	contr�but�ons	from	trad�t�onal	gauge	observat�ons	and	the	nat�onal	
network	of	Doppler	 radars	 (ma�nly	WsR-88D).	 space-based	 �nfrared	and	
m�crowave	data	are	employed	over	ocean�c	reg�ons.

Gauge	measurements	are	relat�vely	accurate	but	lack	representat�veness	
�n	patchy	convect�ve	prec�p�tat�on,	thereby	lead�ng	to	analys�s	errors,	even	for	
relat�vely	dense	mesoscale	surface	networks.	Radar	est�mates	are	�nclus�ve	of	
nearly	all	ra�nfall	where	there	�s	coverage;	however,	these	are	prone	to	well-
known	b�ases	and	uncerta�nty	�n	appl�cat�on	of	the	reflect�v�ty–ra�nfall	rate	
transformat�on	funct�on	(e.g.,	W�lson	and	Brandes,	1979).	the	operat�onal	
�mplementat�on	of	polar�metr�c	WsR-88D	capab�l�t�es	prom�ses	a	marked	
�mprovement	�n	QPe	over	U.s.	land	areas	and	adjacent	coastal	waters.	th�s	
w�ll	�nclude	prec�p�tat�on	phase,	character�st�c	hydrometeor	s�ze	range,	and	
hydrometeor	type	d�scr�m�nat�on,	�n	add�t�on	to	reduced	uncerta�nty	�n	cu-
mulat�ve	amounts.	these	�mprovements	w�ll	greatly	benefit	those	hydrolog�c	
pred�ct�ons	that	are	based	solely	on	observat�ons.	Rema�n�ng	uncerta�nt�es	
are	 assoc�ated	 w�th	 network	 dens�ty,	 wh�ch	 could	 be	 sat�sfied	 through	 a	
comb�nat�on	of	mesoscale	surface	networks	that	m�ght	reasonably	�nclude	
gauges	and	�nexpens�ve,	gap-fill�ng	h�gh-frequency	radars	 (as	exempl�fied	
by	the	nsF	cAsA	project;	McLaughl�n	et	al.,	2007,	2009).

Merged	�nfrared	and	m�crowave	satell�te	products	can	also	be	helpful	�n	
mesoscale	ra�nfall	est�mat�on	(e.g.,	Joyce	et	al.,	2004)	where	ra�n	gauge	and	
radar	 �nformat�on	 �s	unava�lable,	 though	 temporal	 resolut�on	 �s	a	 l�m�t�ng	
factor	 �n	 the	ut�l�ty	of	such	products	 for	short-range	forecast	appl�cat�ons.	
convect�ve	ra�nfall	can	also	be	est�mated	from	measurements	of	cloud-to-
ground	 l�ghtn�ng	 act�v�ty,	 albe�t	 w�th	 substant�al	 uncerta�nty,	 as	 recently	
descr�bed	by	Pess�	and	Bus�nger	(2009)	for	the	north	Pac�fic	ocean.

QPF Progress and Seasonal Verification Performance

the	sk�ll	�n	quant�tat�ve	prec�p�tat�on	forecasts,	wh�le	lagg�ng	progress	�n	
forecast�ng	other	var�ables,	has	�ncreased	stead�ly	over	the	past	30	years	as	
measured	by	equ�table	threat	scores10	(e.g.,	F�gure	3.2).	Forecasts	are	more	
sk�llful	at	shorter	range	and	lesser	cumulat�ve	prec�p�tat�on	amounts,	wh�ch	

10	the	equ�table	threat	score	�s	a	stat�st�cal	sk�ll	score	commonly	used	�n	the	ver�ficat�on	of	
quant�tat�ve	prec�p�tat�on	forecasts.	the	score	�ncreases	and	forecasts	are	rewarded	when	both	
forecast	and	observed	amounts	greater	than	a	g�ven	threshold	are	collocated	(see	http://www.
meted.ucar.edu/satmet/goeschan/glossary.htm).
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occur	much	more	frequently	than	heavy	or	extreme	events.	nevertheless,	
progress	has	been	 steady	w�th	 rap�dly	 �ncreas�ng	 sk�ll	 �n	Day	3	 forecasts	
over	the	past	10	years	as	ev�denced	�n	F�gure	3.2.	the	seasonal	var�at�on	�n	
pred�ct�ve	sk�ll	�s	marked	by	relat�vely	h�gh	sk�ll	�n	w�nter	and	extremely	low	
sk�ll	�n	summer	(F�gure	3.3).	Although	a	number	of	factors	come	�nto	play	for	
th�s	seasonal	cycle,	low	sk�ll	�n	summer	�s	related	to	weak	forc�ng	at	larger	
scales	of	mot�on	together	w�th	decreased	stab�l�ty	and	mo�st	convect�on	as	
the	pr�nc�pal	prec�p�tat�on	process.

Progress in QPF for Cool-Season Orographic Precipitation

cons�derable	 sk�ll	 has	been	ach�eved	 �n	 the	dynam�cal	 pred�ct�on	of	
cool	season	orograph�c	prec�p�tat�on	account�ng	for	much	of	the	sk�ll	assoc�-
ated	w�th	the	w�nter	season	(F�gure	3.3).	By	trad�t�onal	ver�ficat�on	methods,	
such	 as	 the	 equ�table	 threat	 score,	 the	 sk�ll	 �n	 pred�ct�on	 of	 cool	 season	
orograph�c	prec�p�tat�on	greatly	exceeds	all	other	c�rcumstances,	�nclud�ng	
strongly	 forced	prec�p�tat�on	 from	 fronts	 and	 cyclones	over	 relat�vely	 flat	

FIGURE 3.2 The skill in quantitative precipitation forecasts, as measured by equitable threat scores, has 
increased steadily over the past 30 years. This figure shows skill in the equitable threat score from 1961 to 
2009 in precipitation predictions by the NOAA NWS NCEP Hydrometeorological Prediction Center for 1.00 
inch of precpitation at 24 (red), 48 (green) and 72 (blue) hours. Percent areal coverage refers to the fraction 
of total forecast area to the area that actually received 1.00 inch or more of precipitation in the forecast 
period. SOURCE: NOAA NWS NCEP Hydrometeorological Prediction Center. Available at http://www.hpc.
ncep.noaa.gov/html/hpcverif.shtml.
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land.	For	example,	recent	results	(Ikeda	et	al.,	2010)	from	research	s�mula-
t�ons	of	snowfall	over	the	central	and	southern	Rock�es	produce	water	con-
tent	equ�valents	that	are	h�ghly	cons�stent	w�th	�n	s�tu	snoteL	observat�ons	
on	an	event	bas�s,	and	often	w�th�n	2	to	5	percent	of	cumulat�ve	snowfall	
for	 seasonal	 �ntegrat�ons.	th�s	 sk�ll	 �n	orograph�c	prec�p�tat�on	pred�ct�on	
�s	a	consequence	of	accurate	pred�ct�on	of	upstream	synopt�c	scale	w�nds,	
the	prevalence	of	relat�vely	stable	flow	reg�mes,	and	the	mechan�cal	l�ft�ng	
�mposed	by	complex	terra�n.	Wh�le	the	uncerta�nt�es	and	b�ases	are	non-
negl�g�ble,	the	current	status	�s	one	that	�s	ma�nly	�n	need	of	refinement	�n	
the	 representat�on	of	m�crophys�cal	processes	and	 �mproved	 treatment	of	
grav�ty	waves	and	turbulence.

Progress in QPF for Fronts and Cyclones

Forecast	ab�l�ty	for	prec�p�tat�on	assoc�ated	w�th	extratrop�cal	fronts	and	
cyclones	�s	�ncreas�ngly	sk�llful	at	synopt�c	scales	as	cyclone	track	pred�c-
t�ons	become	more	accurate	and	uncerta�nty	�n	the	�ntens�ty	of	develop�ng	
storm	systems	�s	reduced.	th�s	broad	category	of	prec�p�tat�on	events	con-

FIGURE 3.3 There is seasonal variation in predictive skill, with relatively high skill in winter and low skill in 
summer.  Monthly skill in the equitable threat score from December 2008 to December 2009 in precipita-
tion predictions by the NOAA NWS NCEP Hydrometeorological Prediction Center for 0.5 (red), 1.0 (green), 
and 2.0 (blue) inches of precipitation at 24 hours. SOURCE: NOAA NWS NCEP Hydrometeorological Predic-
tion Center. Available at http://www.hpc.ncep.noaa.gov/html/hpcverif.shtml.
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tr�butes	 to	 the	 sk�ll	 assoc�ated	w�th	 all	 non-summer	 seasons	 (F�gure	3.3).	
ensemble	pred�ct�on	 techn�ques	 for	 cyclone	 track	 and	pos�t�ons	of	 fronts	
are	contr�but�ng	to	th�s	�ncreased	sk�ll,	espec�ally	at	med�um	and	extended	
ranges.	W�th�n	synopt�c-scale	reg�ons	of	barocl�n�c	�nstab�l�ty,	the	amount	
and	phase	of	prec�p�tat�on	often	exh�b�ts	cons�derable	var�ab�l�ty	at	the	me-
soscale,	wh�ch	contr�butes	to	reduced	forecast	sk�ll	scores	at	moderate-to-
h�gh	cumulat�ve	prec�p�tat�on	amounts	(F�gure	3.3).	In	such	reg�ons,	�ntense	
snow	and	ra�n	bands,	embedded	convect�on,	or	squall	l�nes	may	preva�l.	th�s	
�s	espec�ally	problemat�c	�n	w�nter	storms	where	local	d�fferences	�n	snowfall	
amounts	and	locat�on	of	the	ra�n/snow	l�ne	have	enormous	soc�etal	�mpacts.	
the	l�m�tat�ons	to	the	sk�ll	�n	these	pred�ct�ons	are	often	related	to	errors	�n	
�n�t�al	and	boundary	cond�t�ons,	and	defic�enc�es	�n	parameter�zat�ons,	both	
m�crophys�cal	and	dynam�cal.	the	former	are	related	to	gaps	�n	observat�ons	
(as	d�scussed	under	the	Mesoscale	observat�onal	needs	sect�on	at	the	end	
of	th�s	chapter)	together	w�th	shortcom�ngs	�n	the	data	ass�m�lat�on	schemes,	
both	of	wh�ch	are	v�able	cand�dates	for	�mprovement.

the	pred�ct�ons	of	prec�p�tat�on	 from	hurr�canes	 and	weaker	 trop�cal	
cyclones	upon	landfall	suffer	from	s�m�lar	defic�enc�es.	A	greater	fract�on	of	
prec�p�tat�on	�s	of	convect�ve	or�g�n	�n	ra�n	bands,	and	there	�s	a	part�cularly	
strong	dependence	of	the	sk�ll	of	prec�p�tat�on	forecasts	on	the	prec�s�on	of	
forecasts	for	the	cyclone	track	and	�ts	speed	of	mot�on.	satell�te	and	a�rborne	
adapt�ve	observat�ons	at	sea	(e.g.,	fl�ght-level	w�nd	and	state	parameter	mea-
surements,	dropw�ndsonde	sound�ngs,	and	stepped-frequency	m�crowave	
rad�ometer	measurements	of	sea	state)	are	play�ng	an	�ncreas�ngly	�mportant	
role	�n	�mprov�ng	dynam�cal	forecasts	of	trop�cal	cyclone	prec�p�tat�on	fol-
low�ng	landfall.

Weakly Forced Warm Season:  
A Principal Focus for Research and R2O Activities

Although	the	aforement�oned	defic�enc�es	assoc�ated	w�th	prec�p�tat�on	
forecasts	 are	 both	 �mportant	 and	 worthy	 of	 further	 research	 and	 forecast	
system	refinements,	the	least	sk�llful	pred�ct�ons	occur	under	weakly	forced	
cond�t�ons	when	local	var�ab�l�ty	and	local	phys�cal	factors	are	more	l�kely	
to	exert	�nfluence	on	prec�p�tat�on	occurrence	and	amount.	th�s	�s	ev�dent	
�n	 F�gure	 3.3	 where	 equ�table	 threat	 scores	 typ�cally	 hover	 between	 0.1	
and	0.2	for	1	�nch	of	prec�p�tat�on	at	the	Day	1	range.	H�stor�cally,	much	
of	th�s	prec�p�tat�on	had	been	character�zed	as	“a�r	mass”	convect�on,	oc-
curr�ng	pseudo-randomly	near	 the	 t�me	of	max�mum	d�urnal	heat�ng	 �n	a	
cond�t�onally	unstable	atmosphere.	Research	has	s�nce	revealed	systemat�c	
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patterns	and	lower-boundary	forc�ng	that	emerge	�n	the	absence	of	strong	
synopt�c-scale	forc�ng.	An	underly�ng	theme	�s	the	capac�ty	of	convect�on	
to	self-organ�ze	and	to	scale	upward	�nto	larger	mesoscale	convect�ve	sys-
tems	under	a	fa�rly	w�de	range	of	summert�me	cond�t�ons.	For	example,	the	
foc�	for	tr�gger�ng	convect�on	�nclude	shallow	thermodynam�c	or	k�nemat�c	
boundar�es.	these	can	be	remnants	of	antecedent	convect�on;	the	result	of	
natural	land	surface	heterogene�ty;	or	d�urnal	cycles	of	mesoscale	transport	
and	 mo�sture	 convergence	 (e.g.,	 Bonner,	 1968;	 tuttle	 and	 Dav�s,	 2006;	
W�lson	and	schre�ber,	1986).

somewhat	larger	scale	d�urnal	forc�ng	�ncludes	whole	cord�lleras,	such	
as	the	Rock�es	and	the	Appalach�ans,	and	secondary	mesoscale	convect�ve	
systems	spawned	by	pr�mary	sea	breeze	convect�on.	such	cond�t�ons	are	
most	common	�n	m�d-summer	when	convect�ve	prec�p�tat�on	�s	at	�ts	max�-
mum	and	the	sk�ll	of	prec�p�tat�on	pred�ct�on	�s	at	a	deep	annual	m�n�mum,	
as	exh�b�ted	�n	F�gure	3.3	and	d�scussed	by	Fr�tsch	and	carbone	(2004).	A	
substant�al	fract�on	of	these	events	�s	very	h�ghly	organ�zed	�n	the	form	of	
Mcss	and	sequences	 thereof,	wh�ch	can	rema�n	act�ve	 for	6	 to	60	hours	
and	travel	300	to	2,500	km	(e.g.,	carbone	et	al.,	2002;	La�ng	and	Fr�tsch,	
1997,	2000;	Maddox,	1983).	such	ep�sodes	of	d�urnally	tr�ggered	ra�nfall	
propagate	across	north	Amer�ca	�n	a	wavel�ke	manner	on	a	da�ly	bas�s;	are	
most	frequent	between	the	Rock�es	and	the	Appalach�ans;	and	account	for	
approx�mately	50	percent	of	 summert�me	ra�nfall	 �n	 that	 reg�on	 (carbone	
and	 tuttle,	 2008).	 such	 systems	 are	 the	 product	 of	 a	 pers�stent	 seasonal	
c�rcumstance—strong	thermal	forc�ng	over	elevated	terra�n	comb�ned	w�th	
westerly	 shear	 �n	 a	 cond�t�onally	 unstable	 atmosphere.	 Related	 forc�ngs	
�nclude	 the	 Great	 Pla�ns	 low-level	 jet	 and	 the	 (Rocky)	 Mounta�n–(Great)	
Pla�ns	soleno�dal	c�rculat�on.	the	heav�est	prec�p�tat�on	often	occurs	�n	cor-
r�dors	 (tuttle	and	Dav�s,	2006),	where	a	 reg�on	of	westerly	 shear	 (ma�nly	
poleward)	�ntersects	a	reg�on	(ma�nly	equatorward)	of	convect�ve	ava�lable	
potent�al	energy	assoc�ated	w�th	relat�vely	shallow	mo�sture	convergence.	
ow�ng	to	the	regular�ty	of	th�s	d�urnal	cycle	and	the	coherent	regenerat�on	
of	convect�ve	systems,	pred�ctab�l�ty	at	 ranges	of	6	 to	24	hours,	although	
�ntr�ns�c	to	th�s	convect�ve	reg�me,	has	not	yet	been	fully	captured	by	op-
erat�onal	forecast	models.

Improving the Skill of Precipitation Predictions

General	c�rculat�on	models	that	have	been	used	for	operat�onal	weather	
pred�ct�on	have	not	represented	convect�ve	prec�p�tat�on	systems	expl�c�tly.	
that	�s	to	say,	convect�ve	clouds	and	storms	are	smaller	than	the	computa-
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t�onal	gr�d	scale	and	therefore	can	be	�mpl�c�t	by	means	of	a	parameter�za-
t�on	(a	sw�tch	of	sorts)	that	red�str�butes	heat,	water	substance,	and	momen-
tum	�n	the	model	as	�f	convect�on	had	occurred	�n	appropr�ate	places	and	
at	the	appropr�ate	t�mes.

convect�ve	parameter�zat�ons	have	been	developed	for	more	than	30	
years.	Unt�l	recently,	success	had	been	l�m�ted,	for	the	most	part,	to	relat�vely	
s�mple	cumulus	clouds	behav�ng	 �n	a	manner	 s�m�lar	 to	 r�s�ng	plumes	of	
buoyant	a�r.	such	plumes	depos�t	heat	aloft	and	m�x	hor�zontal	momentum	
downward,	 toward	 the	surface.	Whereas	such	 representat�ons	of	convec-
t�ve	ra�nfall	are	useful	 �n	 l�m�ted	appl�cat�ons,	organ�zed	deep	convect�ve	
systems	are	far	more	compl�cated	and	usually	act	 �n	a	d�ss�m�lar	manner,	
thus	sow�ng	the	seeds	for	faulty	nWPs,	both	reg�onally	�n	the	short	term	and	
globally	 for	 long-range	forecasts.	Desp�te	decades	of	effort,	no	trad�t�onal	
parameter�zat�on	scheme	has	succeeded	�n	systemat�cally	reproduc�ng	the	
organ�zed	 convect�ve	 ra�nfall	 events	 that	 are	 both	 common	 and	 of	 h�gh	
�mpact	�n	the	Un�ted	states	and	elsewhere	globally	(Fr�tsch	and	carbone,	
2004).	A	comprehens�ve	rev�ew	of	convect�ve	parameter�zat�on,	�nclud�ng	
“super-parameter�zat�on”	techn�ques,	 �s	g�ven	by	Randall	et	al.	 (2003)	v�s	
à	 v�s long-term	 cl�mate	 research	 and	 pred�ct�on	 requ�rements,	 for	 wh�ch	
parameter�zat�on	w�ll	cont�nue	to	be	requ�red	�n	the	foreseeable	future.

Because	of	 �ncreased	computat�onal	capac�ty,	 l�m�ted-area	mesoscale	
models	(e.g.,	chen	et	al.,	2007;	Dav�s	et	al.,	2003;	L�u	et	al.,	2006;	tr�er	et	
al.,	2008),	when	run	at	h�gh	resolut�ons	w�th	a	gr�d	spac�ng	less	than	5	km,	
rout�nely	produce	events	s�m�lar	to	nature	because	the	models	can	repre-
sent	large	convect�ve	systems	w�thout	the	a�d	of	parameter�zat�ons,	though	
spec�fic	 pred�ct�ons	 of	 �nd�v�dual	 storms	 may	 st�ll	 have	 large	 spat�al	 and	
temporal	errors.	At	least	one	global	numer�cal	model,	the	nIcAM	developed	
and	run	on	the	earth	s�mulator	�n	Japan,	has	successfully	demonstrated	re-
product�on	of	real�st�c	convect�ve	events,	ow�ng	to	a	h�gh-resolut�on	global	
model	w�th	a	gr�d	spac�ng	of	3.5	km	(satoh	et	al.	2008).

the	l�m�tat�ons	of	cumulus	parameter�zat�ons	and	the	subsequent	lack	
of	pred�ct�ve	sk�ll	lead	to	the	conclus�on	that	short-range	weather	pred�ct�on	
appl�cat�ons	need	to	represent	deep	mo�st	convect�on	expl�c�tly	�n	forecast	
models.	th�s	�s	ma�nly	a	matter	of	hav�ng	suffic�ent	computat�onal	capac-
�ty,	wh�ch	�s	commerc�ally	ava�lable	today.	Although	models	w�th	expl�c�t	
convect�on	are	necessary	 to	produce	a	 spectrum	of	 events	 s�m�lar	 to	 the	
observed	cl�matology,	th�s	step	alone	�s	�nsuffic�ent	for	sk�llful	pred�ct�ons	
of	 convect�ve	 ra�nfall.	 Pred�ct�ng	 the	 probable	 locat�on	 of	 such	 events	 �s	
dependent	upon	�mprov�ng	�n�t�al	and	boundary	cond�t�ons	�n	the	forecast	
models.	 W�th	 respect	 to	 the	 lower	 troposphere,	 atmospher�c	 boundary	
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layer	depth	and	h�gh-resolut�on	vert�cal	profiles	of	w�nd	and	water	vapor	
are	necessary,	 together	w�th	surface	analyses	 that	are	sk�llful	 �n	captur�ng	
mesoscale	var�ab�l�ty	on	a	scale	of	approx�mately	10	km	or	 less.	 In	add�-
t�on,	�t	�s	necessary	to	character�ze	land	surface	cond�t�ons	so	as	to	properly	
model	the	correspond�ng	fluxes	of	latent	and	sens�ble	heat	fluxes	as	well	as	
the	so�l	heat	flux;	the	latter	be�ng	h�ghly	dependent	on	the	vert�cal	profiles	
of	so�l	mo�sture	and	so�l	temperature.

to	 enable	 very	 short-	 (≤12	 hours)	 and	 short-range	 (≤48	 hours)	 sum-
mert�me	 pred�ct�ons,	 �t	 �s	 therefore	 necessary	 to	 have	 robust	 analyses	 of	
mesoscale	cond�t�ons	�n	the	lower	troposphere	and	at	the	land	surface.	sum-
mert�me	QPF	pred�ct�on	depends	heav�ly	on	the	three-d�mens�onal	structure	
of	water	vapor,	land	surface	cond�t�ons,	and	profiles	of	both	so�l	mo�sture	
and	temperature	(Fr�tsch	and	carbone,	2004).

In	 add�t�on	 to	 employ�ng	 expl�c�t	 convect�on	 �n	 forecast	 models	 and	
hav�ng	 representat�ve	 mesoscale	 �n�t�al	 cond�t�ons,	 mesoscale	 ensemble	
pred�ct�on	 techn�ques	 could	 be	 further	 explo�ted	 w�th	 respect	 to	 sk�ll	 �n	
expl�c�t	pred�ct�ons	of	mo�st	convect�on	and	accompany�ng	prec�p�tat�on.	
ensemble	 pred�ct�ons	 hold	 prom�se	 to	 m�t�gate	 and	 quant�fy	 forecast	 un-
certa�nty,	espec�ally	w�th	respect	to	the	deta�led	t�me	and	locat�on	of	spe-
c�fic	events	for	wh�ch	the	�ntr�ns�c	l�m�ts	of	pred�ctab�l�ty	are	uncerta�n.	to	
real�ze	 th�s	prom�se	requ�res	an	�mproved	understand�ng	of	 the	ensemble	
spread	and	opt�mum	number	of	ensemble	members	 that	are	needed,	 the	
representat�veness	of	 the	 result�ng	 spread	 �n	pred�ct�ons,	and	 the	benefits	
to	be	ga�ned	(or	lost)	from	h�gher	resolut�on	and	fewer	ensemble	members	
�n	a	computat�onally	l�m�ted	env�ronment.	the	current	state	of	knowledge	
concern�ng	such	trade-offs	(and	other	trade-offs	related	to	data	ass�m�lat�on)	
�s	�nsuffic�ent	to	prov�de	object�ve	gu�dance.

ensemble	pred�ct�on	techn�ques	and	related	hybr�d	probab�l�st�c	fore-
cast	approaches	could	be	pursued	as	an	�ntegral	part	of	the	solut�on	toward	
�ncreased	sk�ll	�n	and	the	ut�l�ty	of	warm-season	prec�p�tat�on	pred�ct�ons.	
For	 example,	 at	 very	 short	 range	 (<6	 hours),	 rule-based,	 nondynam�cal	
forecast�ng	 (often	 referred	 to	 as	 nowcast�ng11)	 has	 an	 �mportant	 role	 to	
play.	extrapolat�on,	neural	networks,	fuzzy	log�c,	and	s�m�lar	methodolog�es	
have	demonstrated	sk�ll,	espec�ally	dur�ng	the	“sp�n-up”	per�od	for	complex	
dynam�cal	models.	these	nondynam�cal	forecast	products	are	part	of	the	�n-

11	nowcast�ng	usually	refers	to	a	0-	to	2-hour	forecast	of	the	weather	to	be	expected	w�th�n	
the	�nterval	0	to	2	hours	from	the	t�me	of	forecast.	An	exper�enced	forecaster	can	often	use	
current	radar,	satell�te,	and	surface	observat�ons	to	�dent�fy	small-scale	weather	features,	and	
then	est�mate	the�r	mot�on	and	behav�or	to	make	an	accurate	nowcast.	In	add�t�on,	there	are	
soph�st�cated,	object�ve	nowcast�ng	algor�thms	 that	use	 recent	 trends	 �n	 the	observat�ons	 to	
pred�ct	weather	cond�t�ons	out	to	1	or	2	hours.
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format�on	ava�lable	to	advanced	data	ass�m�lat�on	systems,	thus	const�tut�ng	
a	blend	of	nowcast�ng	and	dynam�cal	pred�ct�on.	such	�nformat�on	could	
be	further	researched	and	trans�t�oned,	as	appropr�ate,	to	operat�ons	as	an	
�ntegral	part	of	the	dynam�cal	forecast	process.

Hydrologic Prediction Implications

Prec�p�tat�on	 est�mat�on	 and	 pred�ct�on	 are	 �nt�mately	 related	 to	 hy-
drolog�c	pred�ct�on,	serv�ng	as	part	of	the	�nformat�on	necessary	to	define	
hydrolog�c	�n�t�al	and	boundary	cond�t�ons.	the	amount	of	ra�nfall	over	large	
areas,	although	helpful,	�s	�nsuffic�ent,	because	hydrolog�c	pred�ct�on	can	be	
h�ghly	sens�t�ve	to	small-scale	var�ab�l�ty	�n	prec�p�tat�on	spat�al	d�str�but�on;	
the	probab�l�ty	dens�ty	funct�on	of	prec�p�tat�on	rate;	subsequent	melt	rate	�n	
the	case	of	�ce-phase	prec�p�tat�on;	and	surface	losses	such	as	evaporat�on	of	
l�qu�d	water	and	subl�mat�on	of	snow	and	�ce.	several	of	these	factors	argue	
for	prec�p�tat�on	ver�ficat�on	methods	that	better	�nform	the	hydrolog�c	user	
of	est�mated	and	forecast	data	 than	does	 the	equ�table	 threat	score.	such	
methods	are	w�dely	cons�dered	to	be	“object	or�ented,”	�nclud�ng	spec�fic	
locat�on,	shape,	rate,	and	translat�on	�nformat�on	�n	add�t�on	to	cumulat�ve	
amount	(Dav�s	et	al.,	2006a,	b).	Both	�mproved	observat�ons,	such	as	w�th	
polar�metr�c	 radar,	 and	 catchment-	 and	 convect�on-resolv�ng	 models	 are	
necessary	to	ach�eve	th�s	level	of	soph�st�cat�on.

Recommendation: To improve the skill of quantitative precipitation 
forecasts, the forecast process of the National Weather Service should 
explicitly represent deep convection in all weather forecast mod-
els and employ increasingly sophisticated probabilistic prediction 
techniques.

Global	and	reg�onal	weather	forecast	models	should	represent	or-
gan�zed	deep	 convect�on	 expl�c�tly	 to	 the	max�mum	extent	 poss�ble,	
even	at	resolut�ons	somewhat	coarser	than	5	km,	as	may	be	necessary	
�n�t�ally,	 �n	 the	 case	 of	 global	 models.	 expl�c�t	 representat�on	 should	
markedly	�mprove	forecast	sk�ll	assoc�ated	w�th	the	largest	and	h�ghest	
�mpact	 prec�p�tat�on	 events.	 the	 �ntroduct�on	 of	 expl�c�t	 convect�on	
w�ll	 l�kely	requ�re	 the	refinement	of	m�crophys�cal	parameter�zat�ons,	
boundary-layer	and	surface	representat�ons,	and	other	model	phys�cs,	
wh�ch	are,	�n	themselves,	form�dable	challenges.

Probab�l�st�c	pred�ct�on	should	be	v�gorously	pursued	through	re-
search,	 and	 the	 development	 and	 use	 of	 �ncreas�ngly	 soph�st�cated	
ensemble	techn�ques	at	all	scales.	new	tools	need	to	be	developed	for	
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ver�ficat�on	of	probab�l�st�c,	h�gh-resolut�on	ensemble	model	forecasts,	
eventually	supplant�ng	equ�table	threat	scores.

HyDROLOGIC PREDICTION

Desp�te	the	fact	that	the	sk�ll	of	prec�p�tat�on	forecasts	has	s�gn�ficantly	
�mproved	over	the	past	decade—espec�ally	for	cool-season	events,	as	d�s-
cussed	�n	 the	preced�ng	sect�on—the	sk�ll	 �n	hydrolog�c	 forecasts	has	not	
kept	pace.	of	all	 the	weather-related	hazards	 �n	 the	Un�ted	states,	floods	
are	one	of	 the	most	devastat�ng;	 they	cla�m	hundreds	of	 l�ves	 and	cause	
b�ll�ons	of	dollars	�n	damage	each	year	(eAsPe,	Inc.,	2002;	noAA,	2001).	
From	1970	to	2000,	3,829	deaths	were	attr�buted	to	floods,	w�th	an	annual	
average	of	128	deaths.	three	10-year	cycles	show	a	trend	of	reduced	deaths:	
1971	to	1980,	175	average	deaths	per	year;	1981	to	1990,	112	deaths;	and	
1991	 to	 2000,	 91	 deaths	 (eAsPe,	 Inc.,	 2002).	 the	 average	 annual	 flood	
damages	for	1981	to	1990	were	$3.2	b�ll�on,	and	for	1991	to	2000,	$5.4	
b�ll�on,	 wh�ch	 �ncludes	 the	 1993	 record-sett�ng	 floods	 of	 the	 M�ss�ss�pp�	
R�ver	 ($18.4	 b�ll�on	 �n	 damages;	 UsAce,	 2000).	 Improv�ng	 the	 accuracy	
and	lead	t�me	of	flood	forcasts	and	ensur�ng	t�mely	m�t�gat�on	plans	would	
reduce	weather-related	 losses	and	prov�de	other	 soc�etal	benefits	 such	as	
�ncreased	publ�c	health	and	safety.

the	2009	BAsc	summer	study	workshop	part�c�pants	emphas�zed	the	
need	for	our	nat�on	to	develop	an	adequate	research	and	R2o	focus	and	
the	necessary	support�ng	�nfrastructure	to	translate	�mproved	prec�p�tat�on	
forecasts	 to	 �mproved	 operat�onal	 hydrolog�c	 forecasts	 that	 are	 more	 ac-
curate	and	have	�ncreased	spat�al	resolut�on.	efforts	toward	develop�ng	an	
advanced	hydrolog�c	pred�ct�on12	serv�ce	(nRc,	2006b)	have	been	ongo�ng	
for	more	than	a	decade	and	need	to	be	susta�ned	and	�ntens�fied.

Hindrances to Progress

the	challenges	�n	QPF	art�culated	�n	the	prev�ous	sect�on	are	far	from	
be�ng	resolved.	However,	suppose	for	a	moment	that	the	sc�ence	and	tech-
nology	had	ach�eved	the	ab�l�ty	to	make	v�rtually	perfect	prec�p�tat�on	fore-
casts.	A	hydrolog�c	model�ng	system	would	then	be	able	to	translate	those	
prec�p�tat�on	forecasts	�nto	accurate,	d�str�buted	runoff	and	streamflow	by	

12	“Hydrolog�c	pred�ct�on”	refers	to	a	su�te	of	forecast	products	that	�ncludes	hourly	and	da�ly	
streamflow	forecasts	at	spec�fic	s�tes,	flash	flood	gu�dance	for	fast-r�s�ng	floods,	water	supply	
forecasts	w�th	forecast	hor�zons	2	weeks	or	further	�nto	the	future,	probab�l�st�c	r�sk	of	flood�ng,	
floodpla�n	�nundat�on,	and	drought	forecasts	(nRc,	2006a).
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�nvok�ng	the	phys�cal	mechan�sms	of	runoff	generat�on,	snow	accumulat�on,	
surface	water–groundwater	 exchanges,	 r�ver	 and	floodpla�n	 rout�ng,	 r�ver	
hydraul�c	rout�ng,	agr�cultural	and	other	consumpt�ve	uses,	among	others.	
But	all	of	these	elements	of	an	advanced	hydrolog�c	pred�ct�on	system	are	
far	from	be�ng	well	observed,	far	from	be�ng	well	understood,	far	from	be-
�ng	appropr�ately	represented	�n	numer�cal	pred�ct�on	models,	and	far	from	
be�ng	even	rud�mentar�ly	ver�fied.	therefore,	a	perfect	prec�p�tat�on	forecast	
would	not	translate	today	�nto	a	hydrolog�c	forecast	that	meets	user	needs.	
the	 challenges	 ampl�fy	 because	 the	 prec�p�tat�on	 forecasts	 are	 far	 from	
perfect.	thus,	there	�s	a	compell�ng	need	for	major	changes	�n	hydrolog�c	
research	and	�nfrastructure	�f	we	are	to	successfully	translate	the	�nvestment	
�n	 �mproved	 weather	 forecasts	 �nto	 �mproved	 hydrolog�c	 forecasts	 at	 the	
local	 and	 reg�onal	 scales,	 and	 meet	 the	 press�ng	 soc�etal	 and	 econom�c	
demands	of	flood	protect�on	and	water	ava�lab�l�ty.

to	 better	 understand	 the	 pr�or�t�es	 for	 hydrolog�c	 research	 and	 R2o,	
�t	 �s	helpful	 to	first	understand	the	�mped�ments	 to	progress	 �n	hydrolog�c	
forecast�ng:

•	 lack	of	comprehens�ve	and	representat�ve	observat�ons	across	a	range	
of	 space-t�me	 scales	 and	 across	 d�fferent	 hydrolog�c	 reg�mes	 that	 can	be	
ass�m�lated	�n	hydrolog�c	models	to	�mprove	the	phys�cal	representat�on	of	
water	cycle	dynam�cs;

•	 lack	 of	 a	 coherent	 d�str�buted	 hydrolog�c	 model�ng	 framework	 to	
s�multaneously	advance	hydrolog�c	 forecast�ng	research	and	 fac�l�tate	 the	
trans�t�on	of	research	results	�nto	operat�ons;

•	 lack	of	systemat�c	ver�ficat�on	metr�cs	to	track	and	measure	progress;	
and

•	 lack	of	a	central�zed	and	susta�ned	mechan�sm	to	foster	academ�c,	
pr�vate-sector	and	�ntergovernmental	exchange	and	collaborat�on	toward	a	
targeted	effort	to	del�ver	the	next-generat�on	hydrolog�c	forecast�ng	system	
w�th	demonstrated	�mprovement	and	robustness.

Hydrologic Prediction and a Changing Climate

changes	�n	prec�p�tat�on	extremes	(storm	amounts,	frequency,	and	dura-
t�on)	are	already	pos�ng	un�que	challenges	�n	water	management	at	the	local	
to	reg�onal	scales.	the	assumpt�on	of	stat�onar�ty,	on	wh�ch	current	hydro-
log�c	model	cal�brat�on	pract�ces	for	hydrolog�c	forecast�ng	are	based,	�s	no	
longer	val�d	(M�lly	et	al.,	2008).	Rev�sed	hydrolog�c	models	that	are	phys�-
cally	based	are	 less	rel�ant	on	cal�brat�on	and	tun�ng,	 take	 full	advantage	
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of	real-t�me	observat�ons	 from	mult�ple	sensors,	and	are	a	clear	necess�ty	
for	hydrolog�c	pred�ct�on	�n	the	future.	Unfortunately,	the	phys�cs	of	water	
cycle	dynam�cs	 are	not	 fully	understood	and	phys�cally	based	pred�ct�ve	
models	are	not	yet	ava�lable,	e�ther	beyond	s�ngle	�nvest�gator	research	or	
�n	operat�onal	pract�ce.

In	add�t�on	to	the	need	to	make	opt�mum	use	of	prec�p�tat�on	forecasts	
�n	 hydrolog�c	 forecast�ng	 on	 weather	 t�mescales,	 there	 also	 �s	 a	 need	 to	
assess	 hydrolog�c	 �mpacts	 and	 cond�t�ons	 on	 cl�mate	 t�mescales.	 theory,	
s�mulat�ons,	and	emp�r�cal	ev�dence	all	�nd�cate	that	warmer	cl�mates	w�ll	
mater�ally	change	the	d�str�but�on	of	prec�p�tat�on	at	both	local	and	global	
scales	(e.g.,	solomon	et	al.,	2007;	trenberth	et	al.,	2003;	Wentz	et	al.,	2007).	
Generally,	dr�er	areas	are	becom�ng	dr�er	and	wet	areas	are	becom�ng	wetter,	
and	the	snow	season	has	become	shorter	by	up	to	3	weeks	�n	parts	of	the	
north	Amer�can	cont�nent	ow�ng	to	an	earl�er	onset	of	spr�ng.	In	add�t�on,	
�ncreased	water	vapor	capac�ty	�n	warmer	cl�mates	�s	expected	to	lead	to	
more	�ntense	prec�p�tat�on	events	even	when	the	total	annual	prec�p�tat�on	
rema�ns	 the	same	or	 �s	 sl�ghtly	 reduced	 (e.g.,	Karl	et	al.,	2009).	th�s	w�ll	
�nev�tably	�ncrease	the	r�sk	of	flood�ng	and	ra�nfall-�nduced	hazards,	such	
as	landsl�des	�n	steep	mounta�nous	terra�ns,	putt�ng	�ncreased	pressure	�nto	
the	development	of	accurate,	h�gh-resolut�on,	phys�cally	based	hydrolog�c	
pred�ct�on	models.	

Need for Change

today’s	operat�onal	hydrolog�c	forecast�ng	�s	performed	at	the	13	r�ver	
forecast	centers	(RFcs)	of	the	nWs.	th�s	forecast�ng	heav�ly	rel�es	on	cal�-
brated	 lumped	 or	 sem�d�str�buted	 hydrolog�c	 models	 (Box	 3.3)	 based	 on	
h�stor�cal	observat�ons	and	wh�ch	�ncorporate	subject�ve	�nformat�on	by	the	
reg�onal	forecast	offices.	these	forecasts	are	also	restr�cted	to	r�ver	stages	at	
spec�fic	locat�ons	only,	wh�ch	are	often	too	w�dely	spaced	for	 local	dec�-
s�on	mak�ng.

there	are	two	�mportant	reasons	�t	�s	�mperat�ve	to	change	th�s	process:	
(1)	nonstat�onar�ty	due	to	cl�mate	and	land-use	changes	makes	past	observa-
t�ons	of	l�m�ted	use	�n	model	cal�brat�on,	and	thus	there	�s	a	need	to	move	to	
phys�cally	based,	m�n�mally	cal�brated	models	based	on	ass�m�lated	real-	or	
near-real-t�me	observat�ons	from	mult�ple	sensors;	and	(2)	there	�s	a	grow�ng	
need	to	prov�de	water	cycle	forecasts	at	a	range	of	space	and	t�me	scales,	not	
only	r�ver	stages	 for	flood	protect�on,	but	also	 for	so�l	mo�sture	 (ecosystem	
funct�on�ng),	 streamflow	 (sed�ment	 transport	 and	 r�ver	 hab�tat	 assessment),	
agr�cultural	use	pract�ces	and	�mpacts,	as	well	as	water	qual�ty	and	renewable	
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BOX 3.3
Hydrologic Modeling Approaches

FIGURE Comparison of lumped and distributed hydrologic modeling approaches. SOURCE: 
NRC (2006b).

Modeling water fluxes in a catchment involves a fundamental philosophical deci-
sion as to whether the model needs to be ‘‘lumped’’ or ‘‘distributed,’’ and “deter-
ministic” or “stochastic” (e.g., Beven and Freer, 2001; Silberstein, 2006). Lumped 
models represent a catchment as a single entity, or a small group of entities, such 
as reservoirs, and simulate state variables and fluxes into and out of the catch-
ment as a whole. Distributed models divide the catchment into many entities, 
each representing small parts of the catchment, and the state variables and fluxes 
between the entities are determined across the catchment. There are also models 
that fall somewhere between these, in which variables are not explicitly distributed 
across the catchment but are represented as a distribution and can therefore be 
interpreted anywhere on the catchment. Simulations with deterministic models will 
always produce the same answer if they have the same input data, whereas sto-
chastic models result in a distribution of results or a result with an accompanying 
variance. Deterministic models can also be used in a stochastic way to generate 
a distribution or ensemble of results from many simulations with a distribution of 
input parameters (the so-called Monte Carlo method).
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energy	(hydropower	and	hydrok�net�c	energy;	see	also	the	sect�on	on	Renew-
able	energy	s�t�ng	and	Product�on	�n	chapter	4)	appl�cat�ons.

A	recent	study	by	Welles	et	al.	(2007)	po�nted	out	some	troubl�ng	find-
�ngs:	 (1)	 the	RFc	hydrolog�c	 forecast�ng	 sk�ll	has	hardly	 �mproved	 (based	
on	 15	 watersheds	 stud�ed)	 over	 the	 past	 10	 to	 20	 years;	 (2)	 the	 sk�ll	 �n	
above-flood-stage	hydrolog�c	forecasts	�s	less	than	3	days;	and	(3)	the	lack	
of	 an	 object�ve	 and	 systemat�c	 hydrolog�c	 forecast	 ver�ficat�on	 program	
has	h�ndered	progress	and	effect�ve	exchange	between	 the	 sc�ent�fic	and	
operat�onal	commun�t�es.

Development of a Community Hydrologic Modeling System

In	the	meteorolog�cal	and	atmospher�c	sc�ences	commun�ty,	advances	�n	
nWP	and	cl�mate	model�ng	have	been	enabled	to	a	large	degree	by	the	de-
velopment	of	commun�ty-supported	models.13	such	models	(e.g.,	the	WRF	
and	the	commun�ty	cl�mate	system	Model)	have	prov�ded	a	framework	to	
test	alternat�ve	hypotheses	and	new	parameter�zat�on	schemes,	to	gu�de	the	
collect�on	of	new	observat�ons,	to	pr�or�t�ze	sc�ence	�nvestments	based	on	
model	performance,	to	support	var�ous	soc�etal	and	bus�ness	appl�cat�ons,	
and	to	track	the	progress	of	research	�n	a	systemat�c	way	that	allows	mov�ng	
ahead	�n	a	robust	and	traceable	fash�on.

In	 the	hydrolog�c	commun�ty,	no	 such	systemat�c	effort	ex�sts	 for	 the	
purpose	 of	 br�ng�ng	 together	 the	 research	 and	 operat�ons	 sectors	 toward	
the	development	of	a	hydrolog�c	pred�ct�on	system	that	can	be	advanced	
and	extens�vely	tested	by	the	commun�ty,	prov�de	a	frame	of	reference	for	
track�ng	�mprovements,	and	be	h�ghly	respons�ve	to	end-user	needs.	efforts	
to	date	to	develop	a	commun�ty	hydrolog�c	model�ng	framework	�nclude	the	
Modular	Model�ng	system	(MMs)	developed	by	the	U.s.	Geolog�cal	survey	
(UsGs;	Leavesley	et	al.,	1996,	2005)	and	 the	ongo�ng	effort	of	 the	nWs	
(nRc,	 2006b)	 to	 develop	 the	 commun�ty	 Hydrolog�c	 Pred�ct�on	 system	
(cHPs).	these	efforts	were	des�gned	to	advance	the	hydrolog�c	forecast�ng	
capac�ty	w�th�n	the	UsGs	and	nWs;	they	were	not	des�gned	to	create	the	
foundat�on	of	a	true	academ�c–government–pr�vate-sector	partnersh�p	that	
could	accelerate	the	development	and	�mplementat�on	of	an	advanced	d�s-
tr�buted	hydrolog�c	model�ng	system	to	serve	both	as	a	research	tool	and	as	

13	“A	commun�ty	model�ng	system	�s	an	open-source	su�te	of	model�ng	components	coupled	
�n	a	framework.	the	system	emerges	through	the	collect�ve	efforts	of	the	commun�ty	of	�nd�-
v�duals	that	code,	debug,	test,	document,	run,	and	apply	the	model�ng	system.	the	commun�ty	
often	�ncludes	both	developers	and	users,	and	may	be	d�str�buted	among	d�fferent	�nst�tut�ons	
and	organ�zat�ons.”	(Vo�nov	et	al.,	2008)
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an	operat�onal	platform.	such	an	effort	�s	currently	lack�ng.	It	would	requ�re	
a	commun�ty-led	organ�zat�on	toward	accelerated	research	and	synthes�s	of	
phys�cal-process	understand�ng,	targeted	observat�onal	campa�gns	for	model	
ver�ficat�on	and	�mprovement,	quant�ficat�on	of	uncerta�nty	and	probab�l�s-
t�c	forecast�ng,	theoret�cal	advances	�n	scal�ng	and	transferab�l�ty,	pred�ct-
ab�l�ty	stud�es	of	coupled	models	�nclud�ng	sens�t�v�ty	to	�n�t�al	cond�t�ons	
and	model	parameter	uncerta�nty,	and	full	explorat�on	of	h�gh-performance	
comput�ng.	establ�sh�ng	such	a	model�ng	framework	would	foster	a	more	
effect�ve	d�alogue	between	the	research	and	operat�onal	commun�t�es,	�n-
clud�ng	dec�s�on	makers	across	d�verse	sectors,	and	would	accelerate	the	
R2o	and	o2R	processes.

there	�s	a	cr�t�cal,	ongo�ng	need	to	develop	a	robust	hydrolog�c	forecast	
capac�ty;	th�s	w�ll	requ�re	a	strateg�c	comm�tment	and	�nvestment	�n	research	
and	R2o.	such	a	systemat�c	hydrolog�c	pred�ct�on	framework	effort	would	
br�ng	together	(1)	the	collect�ve	resources	of	the	hydrolog�c	commun�ty	�n	
establ�sh�ng	 a	 un�fied	 hydrolog�c	 observat�onal,	 research,	 and	 model�ng	
agenda;	 (2)	 the	 atmospher�c	 and	 hydrolog�c	 commun�t�es	 �n	 develop�ng,	
test�ng,	and	�mprov�ng	a	fully	coupled	atmospher�c–hydrolog�c	pred�ct�on	
system;	and	 (3)	 the	 research	and	operat�ons	commun�t�es	as	a	 jo�nt	 team	
that	�dent�fies	research	pr�or�t�es	to	fill	�mportant	gaps	�n	the	appl�cat�on	of	
hydrolog�c	products	by	the	governmental	and	pr�vate	sectors.	In	add�t�on,	a	
ver�fied	d�str�buted	model	�s	certa�n	to	well	serve	commun�t�es	other	than	
water	resources,	such	as	the	ecolog�c	commun�ty	that	rel�es	on	water	cycle	
forecasts	 at	 a	 range	 of	 scales	 for	 assess�ng	 ecosystem	 performance	 and	
spec�es	d�vers�ty	at	the	local	to	reg�onal	scales	under	cl�mate	and	land-use	
change.

Transitioning Research Developments into Operations

the	 nWs	 has	 the	 pr�mary	 respons�b�l�ty	 among	 the	 federal	 agenc�es	
to	prov�de	advanced	alerts—flood	warn�ngs	and	 forecasts—�n	 the	Un�ted	
states.	the	current	operat�onal	hydrolog�c	forecast�ng	process	at	the	nWs	re-
l�es	on	a	comb�nat�on	of	observat�ons	(�nclud�ng	prec�p�tat�on,	so�l	mo�sture,	
evapotransp�rat�on,	so�l	type,	and	land	cover)	and	atmospher�c	forecasts	that	
prov�de	�nput	to	a	land-surface	hydrolog�c	model.	the	ra�nfall-runoff	model	
currently	�n	use	at	most	RFcs	�s	the	sacramento	so�l	Mo�sture	Account�ng	
(sAc-sMA)	 model	 (Burnash	 et	 al.,	 1973).	 th�s	 model	 does	 not	 expl�c�tly	
take	�nto	account	d�str�buted	forc�ngs	(and	thus	does	not	take	advantage	of	
�mprovements	�n	QPF)	and	other	heterogene�t�es	�n	a	watershed,	�s	mostly	
lumped	as	opposed	to	d�str�buted	(Box	3.3),	and	requ�res	cons�derable	local	
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cal�brat�on	us�ng	h�stor�cal	observat�ons.	Recent	efforts	have	extended	th�s	
model	 to	a	gr�dded	d�str�buted	vers�on,	called	the	D�str�buted	Hydrolog�c	
Model,14	wh�ch	�s	used	exper�mentally	�n	some	of	the	RFcs.

Because	hydrolog�c	serv�ces	generate	nearly	$2	b�ll�on	of	benefits	each	
year	through	t�mely	flood	and	weather	forecast�ng	(eAsPe,	Inc.,	2002),	the	
nWs	office	of	Hydrolog�c	Development	(oHD)	began	�n	1997	the	�mple-
mentat�on	of	the	Advanced	Hydrolog�c	Pred�ct�on	serv�ce	(AHPs)	program	
a�med	to	advance	technology	for	hydrolog�c	serv�ces	(nRc,	2006b).	AHPs	�s	
a	congress�onally	funded	program	that	had	�ts	first	prototype	�mplementat�on	
�n	1997	for	the	Des	Mo�nes	R�ver	Bas�n	and	�s	slated	to	be	fully	�mplemented	
nat�onw�de	�n	2013.	As	part	of	 the	AHPs,	oHD	�s	 tak�ng	cr�t�cal	steps	 to	
�mprove	the	hydrolog�c	forecast	process	along	two	ma�n	d�rect�ons:	(1)	ex-
plorat�on	of	the	mer�ts	of	d�str�buted	hydrolog�c	models	for	operat�onal	use,	
and	(2)	development	of	a	comprehens�ve	ver�ficat�on	system.

the	nWs	oHD	has	recently	led	the	D�str�buted	Model	Intercompar�son	
Project	(DMIP).	twelve	groups,	�nclud�ng	other	federal	agenc�es,	academ�c	
�nst�tut�ons	�n	the	Un�ted	states,	and	representat�ves	from	canada,	ch�na,	
Denmark,	and	new	Zealand,	compared	d�ffer�ng	methods	and	approaches	
of	d�str�buted	hydrolog�c	models	for	analys�s	of	the	same	predefined	cond�-
t�ons.	these	results	w�ll	gu�de	nWs	�n	develop�ng	 the	next	generat�on	of	
hydrolog�c	models	Results	of	the	DMIP,	Phases	I	and	II,	are	generally	en-
courag�ng	but	the	road	to	full	�mplementat�on	w�th	sk�ll	beyond	the	lumped	
hydrolog�c	models	rema�ns	poor.	As	a	result,	the	new	strateg�c	and	�mple-
mentat�on	plan	(oHD,	2009)	of	the	nWs	oHD	spells	out	a	way	to	move	
forward	and	proposes	the	development	of	the	cHPs,	wh�ch	emphas�zes	a	
comb�nat�on	of	conceptual	and	phys�cal	model�ng	approaches.	 It	has	 the	
ab�l�ty	to	merge	d�str�buted	hydrolog�c	pred�ct�on	models	w�th	atmospher�c	
models	at	weather	and	cl�mate	scales,	to	resolve	not	only	streamflow	but	
also	�nter�or	fluxes	needed	for	water	qual�ty,	ecolog�c,	and	geohazard	ap-
pl�cat�ons,	and	the	ab�l�ty	to	make	hydrolog�c	pred�ct�ons,	 �nclud�ng	the�r	
uncerta�nty,	at	ungauged	bas�ns.	the	comm�ttee	and	the	2009	BAsc	summer	
study	workshop	part�c�pants	support	these	efforts	of	the	nWs	and	encourage	
�mplementat�on	of	add�t�onal	ways	of	engag�ng	the	research	commun�ty	�n	
th�s	act�v�ty.

two	 examples	 of	 complementary	 act�v�t�es	 a�med	 at	 develop�ng	 an	
advanced	hydrolog�c	forecast�ng	capab�l�ty	are	(1)	the	consort�um	of	Un�-
vers�t�es	for	the	Advancement	of	Hydrolog�c	sc�ences,	currently	supported	
by	nsF,	wh�ch	�s	work�ng	toward	the	development	of	the	commun�ty	Hy-

14	see	 http://www.nws.noaa.gov/oh/hrl/hseb/docs/AWIPs_oB8.3_DHM_software_Des�gn_
Document_v1.1.pdf.
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drolog�c	Model�ng	Platform	and	has	�n�t�ated	an	ongo�ng	commun�ty-w�de	
d�alogue	(Fam�gl�ett�	et	al.,	2008);	and	(2)	the	Integrated	Water	Resources	
sc�ence	and	serv�ce15	�n�t�at�ve	currently	supported	by	noAA,	UsGs,	and	
the	U.s.	Army	corps	of	eng�neers.	these	 two	synerg�st�c	act�v�t�es	 further	
�llustrate	the	t�mel�ness	of	tak�ng	a	quantum	leap	forward	now	�n	order	to	
�mprove	the	performance	and	sk�ll	of	hydrolog�c	forecasts	�n	the	next	de-
cade.	In	these	efforts,	close	cooperat�on	between	academ�a	and	government	
agenc�es	 �s	 �mportant	 for	 trans�t�on�ng	 the	most	 recent	 research	 results	 to	
operat�ons	and	for	gu�d�ng	new	research	d�rect�ons	based	on	soc�etal	rel-
evance	and	sc�ent�fic	d�scovery.

The Need for Hydrometeorological Observations

As	the	complex�ty	and	resolut�on	of	hydrolog�c	models	�ncreases,	new	
and	 �mproved	observat�ons	are	needed	 for	model	 �n�t�al�zat�on,	 �mprove-
ment	of	model	phys�cs,	data	ass�m�lat�on,	and	metr�cs	for	model	ver�ficat�on.	
several	small-scale	hydrolog�c	observator�es	are	currently	�n	operat�on,	for	
example,	the	cr�t�cal	Zone	observator�es	(cZos)16	supported	by	nsF,	the	
Agr�cultural	Research	serv�ce	(ARs)17	observator�es,	and	noAA’s	HMt.18

these	 observator�es	 prov�de	 a	 var�ety	 of	 h�gh-resolut�on	 �n	 s�tu	 and	
remote	sens�ng	observat�ons	from	the	vegetat�on	canopy,	to	so�l,	to	ground-
water	 �n	 order	 to	 understand	 the	 �nteract�on	 of	 phys�cal,	 chem�cal,	 and	
b�olog�cal	processes	�n	a	watershed	and	accurately	pred�ct	mater�al	fluxes	
(e.g.,	 nRc,	 2001).	 coord�nat�ng	 efforts	 need	 to	 be	 �nst�tuted	 such	 that	
full	 advantage	 �s	 taken	of	 these	observator�es	 for	 further	model	 �mprove-
ments.	Also,	the	development	of	new	�ntegrated	observator�es	of	the	water	
cycle—from	the	atmosphere,	to	the	r�vers	and	lakes,	to	the	deep	subsurface	
zone,	and	to	the	bu�lt	env�ronment—are	needed.	For	example,	the	Water	

15	see	http://www.nws.noaa.gov/oh/docs/IWRss_lp_summary.pdf.
16	operat�ng	 at	 the	 watershed	 scale,	 cZos	 are	 natural	 laborator�es	 for	 �nvest�gat�ng	 the	

processes	that	occur	at	and	near	the	earth’s	surface	and	are	affected	by	freshwater.	cZos	are	
heav�ly	�nstrumented	for	a	var�ety	of	hydrogeochem�cal	measurements	as	well	as	sampled	for	
so�l,	canopy,	and	bedrock	mater�als.	cZos	also	�nvolve	teams	of	cross-d�sc�pl�nary	sc�ent�sts	
who	have	expert�se	 �n	fields	 �nclud�ng	hydrology,	 geochem�stry,	 geomorphology,	pedology,	
ecology,	and	cl�matology.	see	http://cr�t�calzone.org/.

17	the	ARs	watershed	network	�s	a	set	of	geograph�cally	d�str�buted	exper�mental	watersheds	
that	 has	 been	 operat�onal	 for	 more	 than	 70	 years	 and	 prov�des	 essent�al	 research	 capac�ty	
for	 conduct�ng	 bas�c	 long-term	 hydrolog�c	 research.	 see	 http://www.tucson.ars.ag.gov/�crw/	
Proceed�ngs/Weltz.pdf.

18	the	HMt	�s	a	concept	a�med	at	accelerat�ng	the	�nfus�on	of	new	technolog�es,	models,	and	
sc�ent�fic	results	 from	the	research	commun�ty	 �nto	da�ly	 forecast�ng	operat�ons	of	 the	nWs	
and	�ts	RFcs.	see	http://hmt.noaa.gov/.
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and	env�ronmental	Research	systems	 (WAteRs)	network	 �n�t�at�ve	 (nRc,	
2009a)	proposes	a	ser�es	of	observator�es	to	address	the	challenges	of	eco-
system	susta�nab�l�ty	and	water	ava�lab�l�ty	under	changes	caused	by	human	
act�v�t�es	and	cl�mat�c	trends.19

Un�que	opportun�t�es	to	use	remotely	sensed	observat�ons	from	surface	
and	space	requ�re	explorat�on	(e.g.,	Y�lmaz	et	al.,	2005).	these	�nclude	cur-
rently	ava�lable	data	(e.g.,	see	the	follow�ng	sect�on	on	observat�ons)	and	
the	new	stream	of	data	that	w�ll	be	del�vered	by	nAsA’s	Global	Prec�p�ta-
t�on	Measur�ng	m�ss�on	as	well	as	the	satell�te	so�l	mo�sture	measurements	
of	the	so�l	Mo�sture	Act�ve-Pass�ve.20	the	use	of	satell�te	observat�ons	for	
�mproved	hydrolog�c	pred�ct�on	offers	ample	research	challenges	and	op-
portun�t�es,	such	as	retr�eval	algor�thm	development	over	land,	mult�chan-
nel	�ntegrat�on,	b�as	adjustment,	and	�ncreas�ng	accuracy	and	resolut�on	v�a	
product	blend�ng.	Remotely	sensed	observat�ons	are	the	only	observat�ons	
for	many	parts	of	the	world	and	the�r	opt�mal	use	�n	hydrolog�c	forecast�ng	
needs	 to	be	 fully	explored.	 In	 the	Un�ted	states,	 the	ongo�ng	upgrade	of	
the	nWs	neXRAD	radars	to	dual-polar�metr�c	capab�l�ty	w�ll	s�gn�ficantly	
�mprove	 the	ab�l�ty	 to	 resolve	hydrometeorolog�c	var�ables	 �mportant	 for	
the	 development	 of	 coupled	 atmospher�c–hydrolog�c	 models.	 Also,	 as	
clearly	art�culated	�n	nRc	(2009b)	and	d�scussed	�n	the	follow�ng	sect�on,	
a	ground-based	nat�onal	network	of	networks	at	the	mesoscale,	�nclus�ve	
of	 rad�o	 and	 opt�cally	 sensed	 PBL	 profiles	 of	 water	 vapor	 and	 w�nds	 �s	
expected	 to	 dramat�cally	 �mprove	 our	 pred�ct�ve	 ab�l�ty	 of	 the	 coupled	
atmospher�c–hydrolog�c	system.

Recommendation: Improving hydrologic forecast skill should be made 
a national priority. Building on lessons learned, a community-based 
coupled atmospheric–hydrologic modeling framework should be sup-
ported to accelerate fundamental understanding of water cycle dy-
namics; deliver accurate predictions of floods, droughts, and water 
availability at local and regional scales; and provide a much needed 
benchmark for measuring progress.

to	successfully	translate	the	�nvestment	�n	�mproved	weather	and	
cl�mate	 forecasts	 �nto	 �mproved	 hydrolog�c	 forecasts	 at	 local	 and	 re-
g�onal	scales,	and	meet	the	press�ng	soc�etal,	econom�c,	and	env�ron-

19	the	overarch�ng	sc�ence	quest�on	of	the	WAteRs	network	�s:	“How	can	we	protect	eco-
systems	and	better	manage	and	pred�ct	water	ava�lab�l�ty	and	qual�ty	for	future	generat�ons,	
g�ven	changes	to	the	water	cycle	caused	by	human	act�v�t�es	and	cl�mate	trends?”	(WAteRs,	
2009).

20	see:	http://nasasc�ence.nasa.gov/earth-sc�ence/decadal-surveys/Volz1_sMAP_11-20-07.pdf.
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mental	demands	of	water	ava�lab�l�ty	(floods,	droughts,	and	adequate	
water	supply	for	people,	agr�culture,	and	ecosystems),	an	accelerated	
hydrolog�c	research	and	R2o	strategy	�s	needed.	Fundamental	research	
�s	requ�red	on	the	phys�cal	representat�on	of	water	cycle	dynam�cs	from	
the	atmosphere	 to	 the	subsurface,	probab�l�st�c	pred�ct�on	and	uncer-
ta�nty	est�mat�on,	ass�m�lat�on	of	mult�sensor	observat�ons,	and	model	
ver�ficat�on	over	a	range	of	scales.	Integral	to	th�s	research	are	�ntegrated	
observator�es	(from	the	atmosphere	to	the	land	and	to	the	subsurface)	
across	mult�ple	scales	and	hydrolog�c	reg�mes.

cont�nuous	 support	 of	 �nd�v�dual	 models	 geared	 toward	 �mprov�ng	
spec�fic	 components	 of	 the	 hydrolog�c	 cycle	 �s	 a	 necessary	 element	 of	
progress.	However,	the	comm�ttee	recommends	that	a	commun�ty	organ�-
zat�on	around	benchmark	hydrolog�c	and	coupled	atmospher�c–hydrolog�c	
model�ng	systems	�s	necessary	at	 th�s	stage	to	further	advance	hydrolog�c	
pred�ct�ons,	 �n	 both	 research	 and	 operat�onal	 modes.	 such	 benchmark	
models	w�ll	prov�de	for	the	synthes�s	of	�deas	and	data,	avo�d	dupl�cat�on,	
�dent�fy	major	research	gaps,	prov�de	metr�cs	of	success	and	track	progress,	
and	prov�de	a	platform	on	wh�ch	commun�t�es	can	share	knowledge	(e.g.,	
there	�s	a	need	for	ecolog�sts	 to	have	access	to	hydrolog�c	models,	and	a	
commun�ty-led	framework	would	be	useful	�n	the	same	way	that	WRF	has	
been	useful	 to	dec�s�on	makers	across	w�dely	d�verse	sectors).	Also,	such	
a	commun�ty-based	model�ng	framework	w�ll	accelerate	the	development		
of	 a	 focused	 R2o	 and	 o2R	 strategy	 based	 on	 a	 susta�ned	 and	 effect�ve	
academ�a–�ndustry–government	partnersh�p.

MESOSCALE OBSERVATIONAL NEEDS

Improved	observ�ng	capab�l�t�es	at	the	mesoscale	are	an	expl�c�t	aspect	
of	every	weather	pr�or�ty	�dent�fied	�n	th�s	study,	�nclud�ng	soc�oeconom�c	
pr�or�t�es	such	as	reduct�on	�n	vulnerab�l�ty	for	dense	coastal	populat�ons,	
and	�mprovements	�n	forecasts	at	the	scale	of	flash	floods	and	rout�nely	d�s-
rupt�ve	local	weather.	the	2009	BAsc	summer	study	workshop	part�c�pants	
�dent�fied	the	underly�ng	need	for	enhanced	mesoscale	observ�ng	networks	
throughout	 the	 oral	 presentat�ons	 and	 �n	 the	 work�ng	 group	 d�scuss�ons.	
th�s	h�gh-pr�or�ty	need	was	the	focus	of	a	recent	BAsc	report,	Observing 
Weather and Climate from the Ground Up: A Nationwide Network of Net-
works	(nRc,	2009b),	and	many	of	�ts	authors	were	part�c�pants	�n	the	2009	
BAsc	 summer	 study	 workshop.	 Accord�ngly,	 th�s	 sect�on	 draws	 heav�ly	
on	 the	 find�ngs	 and	 recommendat�ons	 conta�ned	 �n	 that	 report	 and	 sup-
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ports	each	of	�ts	recommendat�ons	concern�ng	observ�ng-system	techn�cal	
requ�rements.

observat�ons	at	the	mesoscale	are	an	�mportant	part	of	the	nat�onal	and	
global	observ�ng	systems.	the	global	observ�ng	system	captures	large-scale	
c�rculat�on	features	and	the�r	related	thermodynam�c	context.	components	
of	the	global	observ�ng	system	�nclude	var�ous	satell�tes	and	constellat�ons	
thereof;	 rad�osondes	 and	 reg�onal	 electromagnet�c	 profil�ng	 dev�ces;	 and	
reference	surface	stat�ons	at	key	locat�ons	that	ma�nta�n	and	extend	the	sur-
face	cl�mate	record.	For	example,	geostat�onary	satell�tes	prov�de	excellent	
temporal	coverage,	but	new	technolog�es	are	needed	to	penetrate	clouds	
for	thermodynam�c	�nformat�on.	observat�ons	based	on	GPs	constellat�on	
occultat�on	techn�ques	contr�bute	�mportant	temperature	and	hum�d�ty	�n-
format�on,	pr�nc�pally	at	the	synopt�c	scale.	observat�ons	at	the	mesoscale	
are	�ncreas�ngly	�mportant	to	establ�sh�ng	�n�t�al	cond�t�ons	for	global	models	
as	resolut�on	�mproves.

Mesoscale	components	�nclude	observat�ons	that	e�ther	resolve	meso-
scale	atmospher�c	structure	or	un�quely	enable	nWP	at	the	mesoscale.	the	
emphas�s	on	mesoscale	observat�ons	�s	mot�vated	by	the	scale	and	phenom-
enology	assoc�ated	w�th	d�srupt�ve	weather;	the	necess�ty	to	understand	�t,	
detect	�t,	and	warn	of	the	potent�al	consequences;	and	�mproved	capac�ty	
to	spec�fically	pred�ct	or	otherw�se	ant�c�pate	�t	at	very	short	to	short	ranges	
(0	to	48	hours).

Challenge: Why Are Enhanced Mesoscale Observations Needed?

Perhaps	the	s�mplest	answer	to	th�s	quest�on	�s	that	h�gh-�mpact	weather	
happens	 at	 the	 mesoscale,	 and	 because	 the	 lowest	 2	 to	 3	 km	 of	 the	 at-
mosphere	 are,	 at	 once,	 underobserved	 and	most	 �mportant	 for	 processes	
such	 as	 convect�on,	 chem�cal	 transport,	 and	 the	 determ�nat�on	 of	 w�nter	
prec�p�tat�on	type.

A	 more	 complete	 just�ficat�on	 for	 mesoscale	 observat�ons	 res�des	 �n	
the	 requ�rements	 to	 serve	a	w�de	var�ety	of	 stakeholders	 �nclus�ve	of	ba-
s�c	 and	 appl�ed	 researchers,	 �ntermed�ate	 users	 assoc�ated	 w�th	 weather-	
cl�mate	�nformat�on	prov�ders,	and	a	w�de	var�ety	of	end	users	at	all	levels	
of	government	and	numerous	commerc�al	sectors.	some	examples	of	these	
requ�rements	�nclude

•	 Basic research	 �n	 the	 geosc�ences	 and	 b�ogeosc�ences,	 �nclud�ng	
stud�es	of	mesoscale	dynam�cs,	grav�ty	waves,	cl�mate	sc�ence,	atmospher�c	
chem�stry,	 m�crometeorology,	 hydrometeorology,	 cloud	 phys�cs,	 atmo-
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spher�c	 electr�c�ty,	 b�ogeochem�stry,	 ecosystems,	b�ogen�c	 em�ss�ons,	 and	
urban-scale	processes;

•	 NWS-related R2O activities to	enable	very	short-	and	short-range	
pred�ct�ons	that	employ	advanced	nowcast�ng	techn�ques	�n	the	0-	to	3-
hour	 range;	 to	 �mprove	analyses	of	 �n�t�al	and	boundary	cond�t�ons	and	
short-range	pred�ct�ons	 for	mesoscale	model	 forecasts	 �n	 the	12-	 to	48-
hour	 range;	 to	 enable	 the	 merg�ng	 of	 probab�l�st�c	 gu�dance	 assoc�ated	
w�th	nowcast�ng	and	dynam�cal	pred�ct�ons	�n	the	3-	to	12-hour	range;	to	
prov�de	a	bas�s	for	object-or�ented	ver�ficat�on	of	probab�l�st�c	forecasts	re-
sult�ng	from	ensemble	techn�ques;	and	to	fac�l�tate	techn�que	development	
for	advanced	appl�cat�ons	of	mesoscale	observat�ons	to	locally	d�srupt�ve	
weather	 such	 as	 fog,	 surface	 �c�ng,	 thunderstorm	 �n�t�at�on	 and	mot�on,	
ass�m�lat�on	 of	 prec�p�tat�on	 measurements,	 cond�t�ons	 near	 hurr�cane	
landfall,	other	hazardous	 lake	and	coastal	ocean	cond�t�ons,	hazardous	
urban	 cond�t�ons,	 fire	 weather	 pred�ct�ons,	 and	 hydrolog�c	 pred�ct�ons	
and	warn�ngs	such	as	seasonal	flood�ng	from	ma�n	stem	r�vers	and	flash	
floods;

•	 Directly serving the missions of numerous federal, state, and local 
agencies �nclud�ng	noAA,	the	Department	of	transportat�on,	DoD,	the	en-
v�ronmental	Protect�on	Agency,	Doe,	UsGs,	the	Department	of	Agr�culture,	
nsF,	the	Department	of	Homeland	secur�ty,	and	nAsA	at	the	federal	level;	
and	several	agenc�es	�n	all	50	states,	�nclud�ng	transportat�on,	emergency	
management,	water	resources,	and	a�r	qual�ty	appl�cat�ons;

•	 Directly serving and improving productivity in commercial sec-
tors such	as	renewable	(d�scussed	�n	deta�l	�n	chapter	4)	and	convent�onal	
energy	product�on	 �ndustr�es;	 agr�cultural	 cooperat�ves	and	 suppl�ers;	 the	
commerc�al	a�r,	sea,	and	land	transportat�on	�ndustr�es;	weather	and	cl�mate	
�nformat�on	corporat�ons;	broadcast	med�a;	commod�t�es	exchange;	�nsur-
ance/re�nsurance	�ndustr�es;	among	many	others.

Progress in the Past Decade

As	reported	�n	nRc	(2009b),	mesoscale	surface	observat�ons	have	pro-
l�ferated	 enormously	 �n	 the	 past	 decade;	 so	 much	 so	 that	 the	 mesoscale	
surface	observat�ons	enterpr�se	�s	ub�qu�tous	across	approx�mately	20	federal	
agenc�es,	all	50	states,	countless	local	water	and	a�r	qual�ty	d�str�cts	and	au-
thor�t�es,	numerous	Fortune	500	corporat�ons,	countless	small-	and	med�um-
s�zed	commerc�al	appl�cat�ons,	the	pr�vate	weather	�nformat�on	�ndustry,	and	
others.	However,	progress	 �n	appl�cat�on	of	 these	data	 �s	 �mpeded	 (nRc,	
2009b)	by	a	lack	of	cohes�on,	coord�nat�on,	and	knowledge	of	standards,	
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thus	l�m�t�ng	most	surface	networks	to	a	s�ngle	use	status	when	much	of	the	
same	data	could,	�n	pr�nc�ple,	serve	mult�ple	nat�onal	needs.

Desp�te	the	prol�ferat�on	of	surface	stat�ons,	there	cont�nues	to	be	a	pau-
c�ty	of	vert�cal	profile	data,	wh�ch	are	badly	needed	to	support	mon�tor�ng	
of	the	PBL	from	2	m	below	the	land	surface	to	2	km	above;	and	to	enable	
�mproved	weather,	chem�cal	weather,	and	hydrolog�c	pred�ct�ons.

Research and Development Topics Dependent  
on Mesoscale Observations

Mesoscale Data Assimilation

there	 �s	 a	 press�ng	 need	 for	 research	 and	 development	 lead�ng	 to	
�mproved	 mesoscale	 data	 ass�m�lat�on	 techn�ques	 �n	 operat�onal	 forecast	
systems.	Improved	analyses	requ�re	better	knowledge	of	error	covar�ances	
�n	observat�ons.	the	bas�s	for	th�s	knowledge	�s	weakened	by	the	fact	that	
mesoscale	data	are	often	sparse	or	patchy,	and	relat�vely	poorly	documented	
compared	to	those	from	standard	synopt�c	observat�ons.	the	structure	and	
var�ab�l�ty	of	the	lower	troposphere	�s	not	well	known	ow�ng	to	the	fact	that	
vert�cal	profiles	of	water	vapor,	temperature,	and	w�nds	are	not	systemat�-
cally	observed	at	 the	mesoscale	 (schlatter	et	al.,	2005).	the	sens�t�v�ty	 to	
these	observat�on	gaps	�s	not	well	understood	but	�s	l�kely	to	be	substant�al	
�n	 urban	 (Dabberdt	 et	 al.,	 2000)	 and	 coastal	 (Droegeme�er	 et	 al.,	 2000)	
reg�ons,	 where	 populat�on	 dens�ty	 �s	 h�gh,	 and	 �n	 mounta�nous	 reg�ons,	
wh�ch	are	a	prox�mate	cause	for	major	forecast	errors	(“busts”)	downstream	
(sm�th	et	al.,	1997).	the	relat�ve	absence	of	h�gh-resolut�on	PBL	profiles	�s	
a	vex�ng	problem	that	greatly	�mpedes	progress	�n	sk�llful	pred�ct�ons	at	the	
mesoscale	over	both	land	and	coastal	waters.	Whereas	mesoscale	weather	
events	can	be	produced	by	forecast	models	from	purely	synopt�c-scale	�n�t�al	
cond�t�ons,	mesoscale	pred�ctab�l�ty	�s	also	dependent,	to	some	cons�derable	
degree,	on	knowledge	of	the	mesoscale	�n�t�al	cond�t�on.	th�s	�s	espec�ally	
true	w�th	respect	to	spec�fic	pred�ct�ons	of	deep	mo�st	convect�on	and	at-
tendant	heavy	ra�nfall	and	severe	weather	(Fr�tsch	and	carbone,	2004).

Verification

Research	and	development	are	needed	that	lead	to	�mproved	forecast	
ver�ficat�on	and	from	wh�ch	errors	�n	the	forecast	system	can	be	quant�fied,	
understood,	 and	 rect�fied.	 espec�ally	 w�th	 respect	 to	 ver�ficat�on	 of	 pre-
c�p�tat�on,	stat�st�cal	scores	such	as	equ�table	threat	can	be	m�slead�ng	and	
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are	relat�vely	un�nformat�ve	at	the	mesoscale.	Unl�ke	threat	scores,	object-	
or�ented	approaches	(e.g.,	Dav�s	et	al.,	2006a,	b)	can	allow	for	both	�nterm�t-
tency	and	relat�vely	small	spat�al	and	temporal	uncerta�nt�es.	th�s	perm�ts	
the	quant�ficat�on	of	errors	and	enables	a	useful	character�zat�on	of	sk�ll	�n	
pred�ct�ons	w�th�n	reg�ons	conta�n�ng,	for	example,	ra�n	bands,	mesoscale	
convect�ve	systems,	and	�solated	storms.

For	example,	current	operat�onal	ver�ficat�on	techn�ques	are	�nsuffic�ent,	
for	 hydrolog�c	 pred�ct�ons.	 there	 ex�sts	 cons�derable	 sens�t�v�ty	 to	 small-
scale	var�ab�l�ty	�n	prec�p�tat�on	spat�al	d�str�but�on;	the	probab�l�ty	dens�ty	
funct�on	of	prec�p�tat�on	rate;	subsequent	melt	rate	�n	the	case	of	�ce-phase	
prec�p�tat�on;	and	 surface	 losses	 such	as	evaporat�on	of	 l�qu�d	water	and	
subl�mat�on	of	snow	and	�ce.	several	of	these	factors	argue	for	ver�ficat�on	
methods	that	can	better	�nform	the	hydrolog�c	user	of	prec�p�tat�on	est�mates	
and	forecast	data	than	an	equ�table	threat	score.	object-or�ented	methods	
can	�nclude	spec�fic	locat�on,	s�ze,	shape,	rate,	and	translat�on	�nformat�on	
�n	add�t�on	to	cumulat�ve	amount.	Both	�mproved	observat�ons,	such	as	those	
from	polar�metr�c	radar,	and	catchment-	and	convect�on-resolv�ng	models	
are	necessary	to	ach�eve	th�s	level	of	soph�st�cat�on,	as	well	as	th�s	level	of	
ver�ficat�on	and	near-real-t�me	�nput	to	d�str�buted	hydrolog�c	models.

Surface and Boundary-Layer Fluxes

Research	�s	needed	as	well	that	leads	to	�mproved	knowledge	and	repre-
sentat�on	of	meteorolog�cal	and	chem�cal	fluxes,	em�ss�ons,	and	depos�t�on	
�n	h�gh-resolut�on	weather	and	cl�mate	system	models.	th�s	�ncludes	natural	
and	 polluted	 terrestr�al	 boundary	 layers;	 mar�ne	 boundary	 layers;	 land–	
atmosphere	exchange	dependenc�es	on	canopy	propert�es,	so�l	mo�sture	and	
temperature;	urban	surface	energy	exchange	and	em�ss�ons;	upper	ocean	
heat	 content	 and	 surface	 wave	 propert�es;	 b�ogen�c	 em�ss�ons	 of	 volat�le	
organ�c	compounds;	gas	phase-to-aerosol	convers�on,	total	aerosol	burden,	
and	�ts	vert�cal	d�str�but�on	and	transport.	several	of	these	fluxes	are	e�ther	
known	or	 suspected	 to	modulate	prec�p�tat�on	and	 the	harmful	effects	of	
pollut�on.

Observing System Testbeds

It	�s	�mportant	that	mesoscale	observat�ons	are	a	focus	of	testbeds,	wh�ch	
are	�ntended	to	develop	and	�ntroduce	new	�deas	and	new	procedures	�n	
env�ronmental	 observat�on.	 For	 example,	 advanced	 concepts	 �n	 mob�le,	
targeted,	adapt�ve,	and	collaborat�ve	observ�ng	networks	requ�re	extens�ve	
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explorat�on.	th�s	�ncludes	the	dynam�cs	among	var�ous	surface-based	ob-
serv�ng	networks	as	well	 as	 the	explorat�on	of	opt�mal	 and	cost-effect�ve	
d�v�s�ons	of	respons�b�l�ty	between	observat�ons	from	space	and	those	from	
a�rborne	and	surface	platforms.

Forecast System Testbeds

Another	 focus	 of	 testbeds	 can	 be	 to	 exam�ne	 the	 role	 of	 mesoscale	
observat�ons	 for	 new	 parad�gms	 �n	 the	 end-to-end	 forecast	 process.	 th�s	
�s	 part�cularly	 �mportant	 and	 urgent	 w�th	 respect	 to	 merg�ng	 methods	 �n	
nowcast�ng	w�th	those	of	dynam�cal	pred�ct�on	�n	the	0-	to	6-hour	range.	
th�s	strategy	may	be	central	 to	 �mproved	performance	�n	severe	weather,	
flash	floods,	other	hydrolog�c	forecasts,	and	metropol�tan	area	appl�cat�ons	
�n	rout�nely	d�srupt�ve	weather.

Mesoscale Observing Needs

Atmospheric and Subsurface Profiles

these	 mesoscale	 observ�ng	 needs	 and	 recommendat�ons	 consol�date	
and	follow	the	general	sense	of	recommendat�ons	of	nRc	(2009b),	where	
more	deta�led	d�scuss�on	and	analys�s	can	be	 found.	the	h�ghest	pr�or�ty	
observat�ons	needed	 to	address	current	 �nadequac�es	 �nclude	 those	 �tems	
for which there are essentially no systematic national capabilities	to	resolve	
or	enable	mesoscale	pred�ct�on;	these	�nclude

•	 he�ght	of	the	PBL,
•	 so�l	mo�sture	and	temperature	profiles,
•	 h�gh-resolut�on	vert�cal	profiles	of	hum�d�ty,	and
•	 profiles	of	a�r	qual�ty	and	related	chem�cal	compos�t�on	above	the	

surface	layer.

Improvements	are	also	needed	�n	measurements	of	d�rect	and	d�ffuse	
solar	rad�at�on,	w�nd	profiles,	temperature	profiles,	surface	turbulence,	sub-
surface	temperature	profiles,	and	near-surface	�c�ng.

Hum�d�ty,	w�nd,	and	d�urnal	boundary	layer	structure	profiles	are	the	
h�ghest	pr�or�ty	for	a	nat�onal	mesoscale	network,	the	s�tes	for	wh�ch	need	
to	have	a	character�st�c	spac�ng	of	approx�mately	150	km	but	could	vary	be-
tween	50	and	200	km	based	on	reg�onal	cons�derat�ons.	such	observat�ons,	
although	not	 fully	mesoscale	 resolv�ng,	 are	 essent�al	 to	 enable	 �mproved	
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performance	by	h�gh-resolut�on	nWP	models	and	chem�cal	weather	pre-
d�ct�on	at	the	mesoscale.	through	advanced	data	ass�m�lat�on	techn�ques,	
�t	�s	est�mated	(nRc,	2009b)	that	data	from	approx�mately	400	s�tes,	when	
used	 �n	 comb�nat�on	 w�th	 advanced	 geostat�onary	 satell�te	 �nfrared	 and	
m�crowave	sound�ngs,	GPs	constellat�on	“wet	delay”	and	rad�o	occultat�on	
measurements,	and	commerc�al	a�rcraft	sound�ngs,	w�ll	effect�vely	fill	many	
of	the	cr�t�cal	gaps	�n	the	nat�onal	mesoscale	observ�ng	system.

Among	observat�ons	from	space,	the	geostat�onary	platform	component	
�s	espec�ally	�mportant	for	water	vapor	and	clouds	because	�t	preserves	the	
�ntegr�ty	of	t�me-doma�n	sampl�ng	w�th	respect	to	mesoscale	var�ab�l�ty	�n	
the	lower	troposphere.	ow�ng	to	the	h�gh	orb�t,	v�s�ble	and	�nfrared	�nstru-
ments	are	preferred	�n	ma�nta�n�ng	hor�zontal	resolut�on	at	the	expense	of	
obscurat�on	by	clouds.	notably,	nRc	(2009b)	 recommends	both	 �nfrared	
hyperspectral	�nstruments	as	well	as	synthet�c	th�nned	aperture	array	�nstru-
ments	at	cloud-penetrat�ng	m�crowave	 frequenc�es	on	geostat�onary	plat-
forms.	A	reasonable	performance	expectat�on	�s	for	satell�te	observat�ons	to	
assume	a	pr�mary	role	at	alt�tudes	above	the	cont�nental	PBL.

the	core	set	of	a�r	qual�ty	and	atmospher�c	compos�t�on	profiles	above	
the	atmospher�c	surface	layer	would	�nclude	measurements	of	carbon	mon-
ox�de	 (co),	 sulfur	d�ox�de	 (so2),	ozone	 (o3),	 and	part�culate	matter	 less	
than	2.5	m�crons	�n	s�ze	(PM2.5);	 these	chem�cal	compos�t�on	profiles	are	
needed	at	about	200	s�tes,	wh�ch	would	y�eld	a	character�st�c	spac�ng	of	
approx�mately	200	km.	these	observat�ons	would	const�tute	a	nat�onal	pol-
lutant	const�tuent	backbone	and	would	be	espec�ally	effect�ve	�n	enabl�ng	
a�r	 qual�ty	 (chem�cal	 weather)	 pred�ct�on	 when	 collocated	 w�th	 surface	
meteorolog�cal	observat�ons	and	related	vert�cal	profiles.	the	selected	core	
chem�cal	 spec�es	 have	 var�ous	 �mpacts	 (e.g.,	 on	 human	 health),	 may	 be	
harmful	 to	 natural	 and	 managed	 landscapes,	 may	 serve	 as	 precursors	 to	
other	hazardous	compounds,	and	can	help	to	extend	the	ut�l�ty	of	param-
eters	 observed	 from	 space.	 Add�t�onal	 �mportant	 parameters	 (e.g.,	 no2)	
could	be	added	as	soon	as	appropr�ate	and	when	affordable	technology	�s	
developed	 for	 the	appl�cat�ons	env�s�oned.	the	proposed	network	would	
�mprove	chem�cal	weather	pred�ct�on	nat�onally	and	also	support	urban	a�r	
pollut�on	mon�tor�ng,	for	wh�ch	�t	�s	not	a	subst�tute.

so�l	mo�sture	and	temperature	measurements	are	needed	to	a	depth	of	
2	m	at	a	character�st�c	spac�ng	of	about	50	km,	wh�ch	corresponds	to	about	
3,000	mult�ple-sample	or	area-�ntegrated	s�tes.	these	so�l	measurements	are	
requ�red,	together	w�th	surface	atmospher�c	measurements,	to	quant�fy	sur-
face	fluxes	of	latent	and	sens�ble	heat.	Although	th�s	spac�ng	�s	�nsuffic�ent	
to	capture	the	full	spectrum	of	short-term	spat�al	var�ab�l�ty	of	surface	so�l	
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mo�sture	and	temperature,	�t	�s	small	enough	to	represent	seasonal	var�at�ons	
and	reg�onal	grad�ents,	thereby	support�ng	numerous	�mportant	appl�cat�ons	
such	as	land	data	ass�m�lat�on	systems	�n	support	of	nWP,	water	resource	
management,	flood	control	and	hydrolog�c	forecast�ng,	and	management	of	
forestry,	rangeland,	cropland,	and	ecosystems.

Network Architecture and Testbeds

to	serve	mult�ple	nat�onal	needs,	the	Un�ted	states	needs	a	system	that	�s	a	
network	of	networks	�n	an	arch�tectural	sense	(nRc,	2009b).	the	term	“arch�-
tecture”	�ncludes	the	fundamental	phys�cal	elements	as	well	as	the	organ�za-
t�onal	and	�nterfac�al	structure	of	the	mesoscale	network.	It	also	descr�bes	the	
�nternal	�nterfaces	among	the	system’s	components,	and	the	�nterface	between	
the	system	and	�ts	env�ronment,	espec�ally	the	users.	th�s	arch�tecture	would	
fac�l�tate	a	thr�v�ng	env�ronment	for	data	prov�ders	and	users	by	promot�ng	
metadata,	standards,	and	�nteroperab�l�ty,	and	enabl�ng	access	to	mesoscale	
data,	analys�s	tools,	and	models.	the	effort	would	also	�nclude	a	process	that	
cont�nually	�dent�fies	cr�t�cal	observat�onal	gaps,	new	measurement	systems	
and	opportun�t�es,	and	the	evolv�ng	requ�rements	of	end	users.

Appl�ed	research	and	development	would	 �nclude	but	not	be	 l�m�ted	
to	trans�t�onal	act�v�t�es,	�nclud�ng	the	operat�on	of	prototype	networks	and	
evaluat�on	of	the�r	forecast	�mpact	(�.e.,	testbeds);	development	of	tools	to	
fac�l�tate	data	access	for	real-t�me	ass�m�lat�on;	development	of	add�t�onal	
tools	to	serve	the	general	publ�c	and	educate	the	c�t�zenry;	and	explorat�on	
of	advanced	and	�nnovat�ve	technolog�es	to	serve	mult�ple	nat�onal	needs	
better,	cheaper,	and	sooner	than	otherw�se	m�ght	be	poss�ble.	testbeds	may	
be	operated	by	nat�onal	laborator�es,	un�vers�t�es,	or	jo�nt	�nst�tutes	as	appro-
pr�ate	to	the	appl�cat�on.	such	act�v�t�es	are	�nherently	mult�d�sc�pl�nary	and	
must	be	t�ghtly	coord�nated	�f	R2o	object�ves	are	to	be	ach�eved.	testbeds	
may	have	a	sharply	focused,	l�m�ted	term	of	act�v�ty	that	fully	�ntegrates	users	
�n	the	trans�t�on	to	operat�ons.

collaborat�ve	and	adapt�ve	sens�ng	and	related	technolog�es	can	effi-
c�ently	enhance	the	detect�on	and	mon�tor�ng	of	adverse	weather	for	hazard	
m�t�gat�on	and	other	appl�cat�ons,	part�cularly	for	convect�ve	scales	and	�n	
complex	terra�n,	coastal,	and	urban	env�ronments.	H�gh-dens�ty	networks	
of	 less	expens�ve	 remote	 sensors	are	capable	of	operat�ng	 �ntell�gently	 to	
�ncrease	detect�on	effic�ency	wh�le	controll�ng	costs.	If	current	trends	�n	tech-
nolog�es	are	a	gu�de,	many	new	�nstrumentat�on	networks	w�ll	be	composed	
of	�ntell�gent	sensors	that	can	be	tasked	to	�nteract	w�th	nearby	nodes	and	
self-d�rected	effic�ent	network	coverage	by	standard	rules	of	engagement.	
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th�s	concept	�s	be�ng	explored	and	tested	by	the	cAsA	project	(McLaughl�n	
et	al.,	2005,	2009).

Recommendation: Federal agencies and their partners should deploy 
a national network of profiling devices for mesoscale weather and 
chemical weather prediction purposes. Such devices should incorpo-
rate capabilities that extend from the subsurface to 2 to 3 km above the 
surface level. The entire system of observations in support of mesoscale 
predictions should be coordinated, developed, and evaluated through 
testbed mechanisms.

As	a	h�gh	�nfrastructure	pr�or�ty,	opt�cal	and	rad�o-frequency	profil-
ers	should	be	deployed	nat�onally	at	approx�mately	400	s�tes	 to	con-
t�nually	mon�tor	lower	tropospher�c	meteorolog�cal	cond�t�ons.	to	meet	
nat�onal	 needs	 �n	 support	 of	 chem�cal	 weather	 forecasts,	 a	 core	 set	
of	 atmospher�c	 pollutant	 compos�t�on	 profiles	 should	 be	 obta�ned	 at	
approx�mately	200	urban	and	 rural	 s�tes.	 to	meet	nat�onal	needs	 for	
representat�ve	 land–atmosphere	 latent	 and	 sens�ble	 heat	 flux	 data,	 a	
nat�onal,	 real-t�me	 network	 of	 so�l	 mo�sture	 and	 temperature	 profile	
measurements	should	be	made	to	a	nom�nal	depth	of	2	m	and	deployed	
nat�onw�de	at	approx�mately	3,000	s�tes.

Federal	agenc�es,	 together	w�th	state,	pr�vate-sector,	and	nongov-
ernmental	organ�zat�ons,	should	employ	mesoscale	testbeds	for	appl�ed	
research	and	development	to	evaluate	and	�ntegrate	nat�onal	mesoscale	
observ�ng	 systems,	 networks	 thereof,	 and	 attendant	 data	 ass�m�lat�on	
systems	as	part	of	a	nat�onal	3D	network	of	networks.

Other Considerations

other	essent�al	 attr�butes	and	cons�derat�ons	of	a	nat�onal	mesoscale	
observ�ng	system	�nclude	the	follow�ng:

•	 Augmentat�on	 of	 observat�ons	 �n	 the	 coastal	 ocean	 and	 mar�ne	
boundary	layer,	part�cularly	where	small-scale	var�ab�l�ty	�n	sea	surface	tem-
perature	grad�ents	and	surface	waves	are	cl�matolog�cally	common.	these	
quant�t�es	strongly	modulate	the	�nterfac�al	fluxes	and	therefore	trop�cal	and	
m�d-lat�tude	cyclone	ampl�ficat�on.	Whereas	s�m�lar	 satell�te	observat�ons	
are	reasonably	quant�tat�ve	over	the	open	ocean,	spec�al	requ�rements	apply	
to	the	coastl�nes.

•	 the	nat�onal	 network	 arch�tecture	needs	 to	be	 suffic�ently	flex�ble	
and	open	to	accommodate	aux�l�ary,	research-mot�vated	observat�ons	and	
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educat�onal	needs,	often	for	l�m�ted	per�ods	�n	l�m�ted	reg�ons.	If	h�story	�s	
a	proper	judge,	many	of	 the	research-mot�vated	sensors	and	observat�ons	
w�ll	evolve	to	operat�onal	status,	serv�ng	ex�st�ng	soc�etal	needs	better	and	
serv�ng	future	add�t�onal	soc�etal	needs	well.	the	�mpact	of	research-based	
systems	 �s	 l�kely	 to	be	 felt	at	or	near	 the	earth’s	 surface,	 relevant	 to	both	
managed	and	natural	terrestr�al	and	mar�ne	ecosystems,	and	�ssues	un�que	
to	the	heav�ly	bu�lt	env�ronment.	A	more	seamless	blend�ng	of	formal	un�-
vers�ty	educat�on	w�th	observat�ons,	operat�onal	forecast�ng,	and	research	
w�ll	promote	 the	capac�ty	bu�ld�ng	 requ�red	 to	sat�sfy	personnel	needs	of	
the	future.

•	 extens�ve	metadata	w�ll	be	requ�red	of	every	component	�n	an	�nte-
grated,	mult�use	observ�ng	system.	observat�onal	data	have	h�gh	value	only	
�f	they	are	accompan�ed	by	comprehens�ve	metadata.	Prov�s�on	of	metadata	
would	be	needed	for	part�c�pat�on	�n	a	nat�onal	network	of	networks,	and	
�ncent�ves	could	be	offered	to	the	operators	of	networks	to	prov�de	�t.	the	
contents	of	a	metadata	file	would	need	to	be	carefully	defined	and,	once	
assembled,	a	frequently	updated,	nat�onal	database	of	metadata	would	be	
access�ble	to	all.	If	act�on	�s	taken	to	�mprove	metadata	and	fill	gaps	by	sup-
ply�ng	comprehens�ve	�nformat�on	on	undocumented	systems,	the	value	and	
�mpact	of	ex�st�ng	data	w�ll	be	�mproved	far	beyond	the	cost	of	gather�ng	
the	metadata.

•	 stakeholders	could	comm�ss�on	an	�ndependent	team	of	soc�al	and	
phys�cal	sc�ent�sts	to	conduct	an	end-user	assessment	for	selected	sectors.	
the	assessment	could	quant�fy	further	the	current	use	and	value	of	mesoscale	
data	�n	dec�s�on	mak�ng	and	also	project	future	trends	and	the	value	assoc�-
ated	w�th	proposed	new	observat�ons.	Upon	�mplementat�on	and	ut�l�zat�on	
of	 �mproved	 observat�ons,	 per�od�c	 assessments	 would	 be	 conducted	 to	
quant�fy	change	�n	mesoscale	data	use	and	the	added	soc�etal	�mpact	and	
value.	In	add�t�on	to	the	�nvolvement	of	known	data	prov�ders	and	users,	a	
less	formal	survey	could	capture	user	comments	from	blogs	and	webpage	
feedback.
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several	research	and	trans�t�onal	needs	have	come	to	be	recogn�zed	�n	
the	Un�ted	states	as	�ncreas�ngly	�mportant	but	are	only	�n	the	early	stages	of	
understand�ng	or	�mplementat�on.	the	comm�ttee	refers	to	these	as	emerg-
ing	weather	research	and	trans�t�onal	needs—�n	contrast	to	the	establ�shed	
needs	d�scussed	�n	chapter	3.	three	h�gh-pr�or�ty	emerg�ng	needs	were	�den-
t�fied	�n	the	2009	BAsc	summer	study	workshop	and	subsequent	comm�ttee	
meet�ngs.	the	three	emerg�ng	needs	d�scussed	here	�nclude	very	h�gh	�mpact	
(VHI)	weather,	urban	meteorology,	and	renewable	energy	product�on.

the	reader	may	wonder	why	VHI	weather	�s	�ncluded	here	as	an	emerg-
�ng	need	rather	than	�n	the	preced�ng	chapter	as	one	of	several	establ�shed	
needs.	the	answer	l�es	�n	the	emphas�s	here	on	�mpact	forecast�ng	rather	
than	the	trad�t�onal	focus	on	weather	pred�ct�on	per	se.	Urban	meteorology	
was	recogn�zed	�n	the	Un�ted	states	�n	the	1960s	as	an	�mportant	top�c,	and	
much	sem�nal	urban	meteorolog�cal	research	was	conducted	unt�l	the	early	
1980s	when	�t	was	abruptly	deemphas�zed	as	a	research	pr�or�ty.	A	reempha-
s�s	on	the	meteorology	of	the	urban	zone	and	�ts	soc�etal	�mport	began	aga�n	
�n	the	1990s	and	cont�nues	today.	In	contrast,	europe	has	focused	stead�ly	
on	urban	 �ssues	 for	many	decades,	as	has	 Japan.	Lastly,	 the	meteorolog�-
cal	challenges	assoc�ated	w�th	the	spec�al	needs	of	the	renewable	energy	
�ndustry	have	come	�nto	sharp	focus	over	the	past	5	or	so	years.	In	all	three	
emerg�ng	areas,	much	rema�ns	to	be	done.	As	ment�oned	prev�ously,	v�rtu-
ally	all	research	and	R2o	needs	have	both	establ�shed	and	emerg�ng	aspects,	
and	so	many	of	the	challenges	and	needs	c�ted	�n	chapter	3	are	relevant	as	
well,	and	are	closely	coupled	to	those	d�scussed	here	�n	chapter	4.

VERy HIGH IMPACT WEATHER

Weather-related	d�sasters	 result	 �n	 loss	of	 l�fe	and	d�srupt�on	of	 com-
mun�t�es	as	well	as	b�ll�ons	of	dollars	�n	damages	�n	the	Un�ted	states	an-

4

Emerging Weather Research 
and Transitional Needs
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nually.	Between	1980	and	2009	there	were	96	major	d�sasters	caused	by	
VHI	weather	events	that	resulted	�n	losses	exceed�ng	1	b�ll�on	dollars	each	
(ncDc,	 2010).	 It	 goes	 almost	 w�thout	 say�ng	 that	 there	 �s	 a	 great	 need	
for	 accurate	 forecasts	 and	 warn�ngs	 of	 severe,	 hazardous,	 and	 d�srupt�ve	
weather	cond�t�ons	so	that	the	result�ng	econom�c	and	soc�etal	�mpacts	can	
be	m�n�m�zed.

VHI	weather	can	be	defined	as	weather	 that	endangers	publ�c	health	
and	safety	or	causes	s�gn�ficant	econom�c	�mpacts.	VHI	weather	generally	
falls	�nto	two	categor�es:

1.	severe	and	d�srupt�ve	weather	hazards—�nclud�ng	trop�cal	storms	and	
hurr�cane-�nduced	extreme	w�nds,	ra�n,	and	storm	surges;	severe	thunder-
storms	and	tornadoes;	l�ghtn�ng;	flash	floods;	�ce	and	snow	storms;	dense	
fog;	and	w�ldfires—wh�ch	change	 rap�dly	on	 the	 t�mescale	of	m�nutes	 to	
hours	or	a	few	days;	and

2.	pers�stent	weather	hazards—�nclud�ng	long-last�ng	heat/cold	waves;	
drought;	and	flood�ng	due	to	pers�stent	ra�n	events—wh�ch	occur	on	longer	
t�mescales	of	days	to	weeks	or	even	years	(e.g.,	drought).

Advanc�ng	the	understand�ng,	mon�tor�ng,	and	pred�ct�on	of	VHI	phe-
nomena	 requ�res	 �mprov�ng	 the	 accuracy	and	 t�mel�ness	of	 observat�ons,	
forecasts,	and	warn�ngs	�n	order	to	develop	an	effic�ent	response	system	that	
helps	m�n�m�ze	and	m�t�gate	the	�mpacts	of	hazardous	weather.	An	expan-
s�on	�n	emphas�s	from	weather	pred�ct�on	alone	to	the	pred�ct�on	of	weather	
and	 related	 �mpacts	 �s	warranted.	th�s	would	necess�tate	development	of	
new	model�ng	and	observat�onal	tools,	�nnovat�ve	forecast	gu�dance	prod-
ucts,	 and	methods	of	 �nformat�on	and	warn�ng	d�ssem�nat�on	 to	dec�s�on	
makers	and	stakeholders.	Accord�ngly,	new	research	and	R2o	pr�or�t�es	for	
VHI	weather	need	to	be	establ�shed.	Also	requ�red	�s	the	close	collaborat�on	
of	phys�cal	and	soc�al	sc�ent�sts	�n	sett�ng	pr�or�t�es	and	develop�ng	effect�ve	
research	and	�mplementat�on	programs.	soc�al	sc�ent�sts,	espec�ally,	w�ll	also	
play	a	cr�t�cal	role	�n	develop�ng	o2R	needs	and	pr�or�t�es.	to	fac�l�tate	a	
rap�d	R2o	trans�t�on,	�t	�s	cr�t�cal	to	tra�n	a	new	generat�on	of	researchers,	
forecasters,	and	dec�s�on	makers	�n	the	need	for,	and	use	of,	a	fully	�ntegrated	
forecast	and	response	system.

Current State of Affairs and New Opportunities

Weather	 research	over	 the	past	 several	decades	has	 led	 to	many	ad-
vances	 �n	mon�tor�ng,	understand�ng,	and	pred�ct�ng	VHI	weather,	wh�ch	
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have	 contr�buted	 to	major	 �mprovements	 �n	 forecasts	 and	warn�ngs	 such	
as	more	accurate	hurr�cane	tracks	and	longer	lead	t�mes	for	tornadoes	and	
severe	thunderstorms.	Although	the	number	of	VHI	weather	phenomena	�s	
extens�ve,	th�s	sect�on	a�ms	to	�llustrate	the	var�ety	of	phenomena	that	have	
major	�mpacts	on	soc�ety	and	�dent�fy	emerg�ng	needs	and	opportun�t�es	for	
weather	research	to	better	serve	cr�t�cal	soc�etal	needs.	A	number	of	prev�ous	
stud�es	 (table	1.1)	by	 the	U.s.	Weather	Research	Program	 (UsWRP;	e.g.,	
emanuel	et	al.,	1995)	and	the	nat�onal	Research	counc�l	(e.g.,	nRc,	1998b)	
can	serve	as	benchmarks	for	comprehens�ve	rev�ews,	because	they	�dent�fied	
many	press�ng	needs	 and	opportun�t�es	 for	 atmospher�c,	 hydrolog�c,	 and	
related	research	and	development	that	st�ll	ex�st	today.

A New Impacts Paradigm

the	atmospher�c	commun�ty	has	 for	many	years	worked	d�l�gently	 to	
�mprove	the	accuracy	and	resolut�on	�n	space	and	t�me	of	the	raw	quant�t�es	
pred�cted	by	numer�cal	models,	such	as	temperature,	hum�d�ty,	w�nd,	and	
prec�p�tat�on.	 stat�st�cal	 techn�ques	 have	 been	 used	 to	 pred�ct	 add�t�onal	
quant�t�es	and	 to	 �ntroduce	probab�l�ty	of	prec�p�tat�on	and	other	der�ved	
forecast	parameters.	W�th	some	except�ons,	users	have	largely	taken	these	
weather	pred�ct�ons	and	used	them	�n	the�r	own	dec�s�on	support	and	r�sk	
management	processes.	However,	th�s	approach	has	not	always	produced	
the	des�red	or	opt�mal	outcome,	espec�ally	when	complex	weather	forecasts	
are	d�fficult	to	understand	and	yet	requ�re	publ�c	act�on	�n	response	to	the	
forecast.	For	�nstance,	probab�l�st�c	forecasts	of	a	landfall�ng	hurr�cane’s	track	
and	�ntens�ty,	w�thout	spec�fic	�mpact	�nformat�on	such	as	t�m�ng	and	loca-
t�on	of	storm	surge,	extent	of	flood�ng,	extreme	w�nds,	and	power	outages,	
are	�nsuffic�ent	for	effect�ve	responses	from	emergency	managers.

A	new	parad�gm	for	the	com�ng	decades	�s	for	end	users	and	sc�ent�sts	
(both	phys�cal	and	soc�al	sc�ent�sts)	to	work	together	toward	also	prov�d�ng	
�mproved,	expl�c�t	impact forecasts	as	well	as	advanc�ng	human	comprehen-
s�on	of	complex	�nformat�on.	the	parad�gm	sh�ft	from	forecast�ng	weather	to	
forecast�ng	weather	and	�mpacts	w�ll	challenge	the	trad�t�onal	weather	fore-
cast�ng	approach	and	demand	a	full	�ntegrat�on	of	the	phys�cal	sc�ences	w�th	
the	soc�oeconom�c	sc�ences	that	�s	relevant	to	weather	�mpacts	and	soc�etal	
and	env�ronmental	responses.	Because	of	the	�mpl�cat�ons	for	publ�c	safety	
and	econom�c	res�l�ence,	VHI	weather	phenomena	are	key	targets	for	such	
�ntegrat�ve	research	and	the	trans�t�on	of	research	results	to	operat�ons.

As	 one	 example,	 cons�der	 the	 �nformat�on	 �n	 F�gure	 4.1,	 compar�ng	
trad�t�onal	portrayals	of	weather	forecast�ng,	and	the	potent�al	for	�mpacts	
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forecast�ng.	trad�t�onally,	data	from	surface-based	observ�ng	systems,	recon-
na�ssance	a�rcraft,	and	satell�tes	are	used	�n	numer�cal	weather	pred�ct�on	
(nWP)	models	to	make	pred�ct�ons	about	a	hurr�cane’s	trajectory,	�ntens�ty	
(w�nd	speed),	and	prec�p�tat�on.	In	the	new,	�mpacts	forecast�ng	parad�gm,	
these	models	would	be	used	�n	conjunct�on	w�th	dec�s�on	support	models	
to	y�eld	project�ons	of	poss�ble	�mpacts	such	as	the	extent	of	power	outages	
and	the	t�me	to	power	restorat�on	for	the	reg�on	affected	by	the	hurr�cane.	In	
fact,	there	are	pr�vate	weather	and	r�sk	management	compan�es	that	are	now	
work�ng	w�th	electr�c	ut�l�t�es,	 �nsurance	and	re�nsurance	compan�es,	and	
others	to	make	�ndustry-spec�fic	�mpact	pred�ct�ons	for	a	var�ety	of	severe	
weather	 events.	 However,	 �mpact	 pred�ct�on	 rema�ns	 to	 be	 �mplemented	

FIGURE 4.1 Schematic representation of the paradigm shift from weather forecasting to impacts forecast-
ing. At upper right and lower right are traditional depictions of predicted hurricane paths, wind and wave 
height swaths, rain, and satellite and radar observations. At lower left are radar observations and numeri-
cal-model radar renditions of a hurricane. The figure in the upper left illustrates the new impacts paradigm, 
which predicts areas of power outages and restoration times. SOURCE: Shuyi Chen, committee member.
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more	w�dely—not	only	by	the	pr�vate	sector	but	also	by	the	publ�c	sector	
w�th	�ts	respons�b�l�ty	to	support	and	protect	publ�c	health	and	safety.

one	key	component	of,	and	a	major	challenge	 for,	 the	pred�ct�on	of	
�mpacts	 �s	 to	more	 fully	explo�t	 the	capab�l�t�es	of	ensemble	model�ng	of	
the	 atmosphere	 to	produce	probab�l�st�c	 forecasts	of	 atmospher�c	quant�-
t�es,	 and	 for	 these	 to	 then	 be	 used	 to	 generate	 probab�l�st�c	 forecasts	 of	
the	�mpacts	and	r�sks	of	pend�ng	VHI	weather	s�tuat�ons,	thereby	enabl�ng	
�mproved	dec�s�on	mak�ng.	Rather	than	the	meteorolog�cal	commun�ty	and	
the	 end-user	 commun�t�es	 work�ng	 separately,	 teams	 of	 atmospher�c	 sc�-
ent�sts,	soc�al	sc�ent�sts,	and	profess�onals	from	user	groups1	need	to	work	
together	to	define	the	needed	observat�ons	and	the	des�red	pred�cted	�mpact	
parameters.	th�s	approach	has	been	recommended	for	hydrometeorolog�cal	
forecast�ng	(Krzysztofow�cz,	1998)	�n	a	sem�nal	paper	on	the	development	
and	appl�cat�on	of	jo�nt	dec�s�on-mak�ng	probab�l�t�es	of	r�ver	stage	pred�c-
t�ons	and	user	r�sk	tolerances.

Severe and Disruptive Weather Hazards

Hurricanes and Tropical Storms

Although	 there	 has	 been	 s�gn�ficant	 �mprovement	 �n	 hurr�cane	 track	
forecasts,	progress	has	been	m�n�mal	w�th	regard	to	storm	�ntens�ty	forecasts.	
the	�mprovement	�n	track	forecasts	�s	largely	attr�buted	to	the	advancement	
�n	satell�te	and	dropw�ndsonde	observat�ons	(Frankl�n	et	al.,	2003)	over	the	
oceans	 and	 model	 �mprovement	 and	 data	 ass�m�lat�on	 �n	 global	 models	
over	the	past	few	decades.	L�m�t�ng	factors	for	hurr�cane	�ntens�ty	forecasts	
�nclude	the	lack	of	understand�ng	of	rap�d	changes	�n	storm	structure	and	
�ntens�ty,	 rout�nely	 (and	 cont�nuously)	 ava�lable	 �n	 s�tu	 observat�ons,	 and	
h�gh-resolut�on	coupled	a�r–sea–land	models	(chen	et	al.,	2007)	�n	opera-
t�onal	centers.	Although	some	�ssues	were	�dent�fied	by	PDt–5	(Marks	and	
shay,	1998),	many	quest�ons	and	problems	rema�n	unresolved.	other	new	
�ssues	have	emerged	s�nce	then.

Major	landfall�ng	hurr�canes	between	2004	and	2008,	such	as	Katr�na,	
R�ta,	and	Ike,	revealed	many	cr�t�cal	needs	not	only	for	�mproved	weather	
forecasts	but,	more	�mportantly,	for	forecasts	of	storm	�mpact	d�rectly	related	
to	soc�etal	responses	to	these	events.	these	are	h�ghl�ghted	�n	four	recent	na-
t�onal	reports	call�ng	for	act�on	to	substant�ally	�mprove	hurr�cane	forecasts	
(AGU,	2006;	nsAB,	2006;	nsB,	2007;	oFcM,	2007);	they	part�cularly	c�te	

1	In	th�s	context,	user	groups	�nclude	both	end	users	and	�ntermed�ate	users	who	typ�cally	
are	commerc�al	weather	prov�ders	and	so-called	value-added	resellers.
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the	rap�d	 �ntens�ty	changes	of	hurr�canes	 threaten�ng	 the	Un�ted	states	as	
a	major	challenge.	Recent	advances	�n	sc�ence	and	technology,	espec�ally	
�n	 h�gh-resolut�on	 coupled	 model�ng,	 ensemble	 model	 forecast�ng,	 h�gh-
performance	comput�ng,	and	soc�al	behav�oral	stud�es	related	to	hazardous	
weather	events,	have	presented	a	great	opportun�ty	to	develop	a	strategy	and	
act�on	plan	for	an	�ntegrated	forecast-and-response	system	that	w�ll	support	
r�sk	assessment,	emergency	management,	and	dec�s�on	mak�ng.

Tornadoes and Severe Thunderstorms

there	has	been	cons�derable	�mprovement	�n	understand�ng,	pred�ct�ng,	
and	warn�ng	for	these	hazardous	phenomena	as	a	consequence	of	success-
ful	research	programs,	deployment	of	a	nat�onal	network	of	Doppler	radars,	
and	other	nat�onal	Weather	serv�ce	(nWs)	modern�zat�on	act�v�t�es	�n	the	
1990s.	Lead	t�me	for	tornado	warn�ngs	has	�ncreased	from	about	6	m�nutes	
�n	 1993	 to	 about	 13	 m�nutes	 �n	 2008.	 However,	 quest�ons	 st�ll	 rema�n	
concern�ng	why	only	a	small	fract�on	of	supercell	thunderstorms	produce	
tornadoes	wh�le	most	do	not.	As	a	consequence,	the	false	alarm	rate	for	tor-
nado	warn�ngs	�s	h�gh,	at	75	percent	�n	2008,	wh�ch	�s	v�rtually	unchanged	
from	1993	when	�t	was	73	percent.	Research	programs	such	as	VoRteX2	
need	to	cont�nue	to	address	that	quest�on,	reduce	false	alarm	rates,	better	
understand	 tornado	 genes�s	 and	 d�ss�pat�on	 processes,	 deduce	 how	 and	
why	some	tornadoes	become	strong	and	v�olent	wh�le	others	do	not,	and	
explore	other	unknowns	about	tornadoes	and	severe	thunderstorms.	Radars	
�n	the	nat�onal	operat�onal	neXRAD	(or	WsR-88D)	network	are	spaced	too	
far	apart	to	detect	the	low-level	port�ons	of	most	supercells,	wh�ch	�s	cr�t�cal	
to	detect�on	of	tornadoes.

Research	needs	to	cont�nue	the	development	of	low-cost,	adapt�ve	scan-
n�ng	radars	as	a	means	to	fill	these	gaps	(e.g.,	Brotzge	et	al.,	2006)	both	to	
reduce	false	alarm	rates	and	�mprove	detect�on	of	tornadoes	now	m�ssed.	
Recent	 stud�es	 by	 the	 nRc	 (e.g.,	 2002,	 2008a)	 recommend	 add�t�onal	
upgrades	 to	 the	nat�onal	 radar	network.	to	dramat�cally	 �mprove	 tornado	
warn�ng	lead	t�me	w�ll	l�kely	requ�re	a	sh�ft	away	from	warn�ngs	based	on	
detect�on	to	warn�ngs	based	on	forecasts.	Much	needed	research	�s	ongo�ng	
toward	the	development	of	a	warn-on-forecast	system	(e.g.,	stensrud	et	al.,	
2009),	wh�ch	w�ll	�nvolve	many	of	the	�mprovements	�n	numer�cal	model-
�ng	 and	 probab�l�st�c	 forecasts	 recommended	 here	 and	 elsewhere	 �n	 th�s	
report.	there	�s	also	a	cont�nu�ng	need	for	�mproved	understand�ng	of	the	
four-d�mens�onal	structure	of	tornadoes,	w�th	pract�cal	appl�cat�ons	such	as	
�mproved	bu�ld�ng	construct�on	standards.
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Flash Floods 

In	many	ways,	flash	floods	are	among	the	most	d�fficult	phenom-
ena	 to	pred�ct	 (see	 the	d�scuss�ons	 �n	chapter	 3).	Many	 �ssues	 related	 to	
quant�tat�ve	prec�p�tat�on	forecast�ng	and	hydrolog�c	and	flood	pred�ct�on	
have	been	d�scussed	prev�ously	by	UsWRP	PDt–8	(Fr�tsch	et	al.,	1998)	and	
UsWRP	PDt–9	(Droegeme�er	et	al.,	2000).	there	�s	l�ttle	sk�ll	�n	pred�ct�ng	
the	exact	locat�on	of	an	upcom�ng	flash	flood	unt�l	 the	ra�n	�s	well	under	
way.	even	then,	the	area	of	heav�est	ra�nfall	tends	to	be	small	and	not	al-
ways	well	observed.	Improvements	�n	prec�p�tat�on	est�mat�on	through	use	
of	mult�parameter	radars	w�ll	help	w�th	th�s	problem;	the	neXRAD	agency	
partners	 (Department	of	commerce,	Department	of	Defense	 [DoD],	and	
the	Department	of	transportat�on	[Dot])	have	�n�t�ated	a	program	to	pro-
v�de	dual-polar�zat�on	capab�l�ty	on	all	166	WsR-88D	radars	w�th	comple-
t�on	targeted	for	early	2013.2	Improvements	�n	satell�te-based	prec�p�tat�on	
est�mat�on	and	�n	cloud-to-ground	l�ghtn�ng	detect�on	(a	useful	surrogate	for	
convect�ve	prec�p�tat�on)	can	help	�n	remote,	mounta�nous	areas	not	well	
sampled	by	radar.

Flash	floods	are	an	excellent	example	of	VHI	weather	that	can	reap	the	
benefits	of	a	new	�mpacts	forecast�ng	parad�gm	by	ut�l�z�ng	numer�cal	model	
forecasts	and	observat�ons	�n	a	coupled	hydrology–land–atmosphere	model	
for	flood	�mpacts	forecast�ng.	the	need	for	a	coupled	d�str�buted	hydrolog�c	
model�ng	framework	�s	d�scussed	at	length	�n	chapter	3.	A	recent	flash	flood	
�n	the	Atlanta,	Georg�a	metro	area	�llustrates	the	challeng�ng	nature	of	flash	
floods.	on	september	20–21,	2009,	more	than	15	�nches	of	ra�n	�n	less	than	
24	hours	 (w�th	a	max�mum	of	more	than	21	�nches	 �n	38	hours)	 fell	 �n	a	
narrow	corr�dor	generally	less	than	a	county	w�de.	Although	a	broad	area	
of	 the	southeast	was	under	a	flash	flood	watch	ow�ng	 to	 the	presence	of	
an	unusually	mo�st	a�r	mass,	there	was	no	obv�ous	way	to	pred�ct	the	exact	
locat�on	or	magn�tude	of	the	event,	even	�n	h�nds�ght.	Wh�le	a	mesoscale	
boundary	 was	 or�ented	 generally	 west–east	 through	 the	 area,	 a	 band	 of	
thunderstorms	set	up	and	moved	 roughly	perpend�cular	 to	 the	boundary.	
However,	all	of	th�s	was	unresolved	by	the	operat�onal	reg�onal	models,	and	
forc�ng	 for	 the	 locat�on	of	 format�on	of	 the	 �n�t�al	 storm	was	not	obv�ous	
e�ther	from	observed	data	or	numer�cal	model	gu�dance.	It	rema�ns	to	be	
determ�ned	whether	a	network	of	enhanced	observat�ons	prov�d�ng	�nputs	
to	 �mproved	 data	 ass�m�lat�on	 techn�ques	 and	 cloud-resolv�ng	 reg�onal	
models	can	�mprove	forecasts	of	heavy	mesoscale	prec�p�tat�on.	th�s	�ssue	

2	see	http://www.roc.noaa.g�v/wsr88d/DualPol/DualPoloverv�ew.aspx.
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�s	 further	addressed	�n	the	Mesoscale	observat�onal	needs	and	QPe/QPF	
sect�ons	of	chapter	3.

Wildfires

W�ldfires	are	another	opportun�ty	to	apply	a	new	parad�gm	for	�mpacts	
forecast�ng.	 temperature,	 hum�d�ty,	 and	 dry	 l�ghtn�ng	 can	 play	 a	 role	 �n	
w�ldfire	�n�t�at�on,	development,	and	spread,	wh�le	w�nds	and	terra�n	typ�-
cally	play	key	roles	�n	spread�ng	major	w�ldfires.	the	w�ldfires	themselves	
often	develop	the�r	own	weather,	becom�ng	firestorms.	there	�s	a	need	for	
cont�nued	�mprovements	�n	satell�te	sens�ng,	�nclud�ng	fuel	ava�lab�l�ty	and	
the	detect�on	and	mon�tor�ng	of	fires	and	the�r	�ntens�t�es.	F�re	models	can	be	
coupled	w�th	atmospher�c	and	land-use	models	to	generate	�mpact	forecasts	
of	threatened	areas	(e.g.,	clark	et	al.,	2004).	numer�cal	model	�mprovements	
are	cruc�al,	�nclud�ng	terra�n	and	urban	effects.	A	pred�ct�on	system	of	th�s	
type	has	been	proposed	(e.g.,	Bradley	et	al.,	1999).

Surface and Air Transportation

Accord�ng	to	a	recent	nRc	(2004)	study,	weather	s�gn�ficantly	affects	
the	 safety	 and	 capac�ty	 of	 the	nat�on’s	 roadways.	Adverse	weather	 �s	 as-
soc�ated	w�th	over	1.5	m�ll�on	veh�cular	acc�dents	each	year,	account�ng	
for	approx�mately	800,000	�njur�es	and	7,400	fatal�t�es	(FHA,	2009).	Poor	
road	or	v�s�b�l�ty	cond�t�ons	often	cause	dr�vers	to	slow	down,	thereby	sub-
stant�ally	reduc�ng	roadway	capac�ty,	�ncreas�ng	travel	t�mes,	and	�n	some	
cases	contr�but�ng	 to	cha�n-react�on	acc�dents.	 It	 �s	est�mated	 that	dr�vers	
endure	over	500	m�ll�on	hours	of	delay	annually	on	the	nat�on’s	h�ghways	
and	pr�nc�pal	arter�al	roads	because	of	fog,	snow,	and	�ce.	th�s	conserva-
t�ve	est�mate	does	not	account	for	cons�derable	delay	due	to	ra�n	and	wet	
pavement.	An	�mproved	strategy	for	address�ng	the	�mpacts	of	weather	on	
surface	transportat�on	has	the	potent�al	to	help	m�t�gate	roadway	congest�on	
and	save	l�ves.	H�gh-qual�ty	weather	observat�ons	and	forecasts	spec�fic	to	
the	roadway	env�ronment	could	help	users	make	better	dec�s�ons,	thereby	
�ncreas�ng	travel	effic�ency	and	safety	dur�ng	adverse	weather	cond�t�ons.	
Improved	road	weather	�nformat�on	could	also	help	those	who	construct,	op-
erate,	and	ma�nta�n	the	roadways	to	better	respond	to	weather	problems.

Weather	also	�s	a	major	factor	�n	caus�ng	delays	(about	65	to	70	per-
cent	of	the	total	occurrence)	and	econom�c	losses	to	commerc�al	av�at�on.	
Accord�ng	 to	 the	 Jo�nt	 econom�c	comm�ttee	of	congress	 (U.s.	congress,	
2008),	a�r	traffic	delays	�n	2007	cost	a�rl�nes	$19	b�ll�on	�n	�ncreased	operat-
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�ng	costs	and	the	Un�ted	states	economy	$41	b�ll�on.	As	the	volume	of	a�r	
transportat�on	�ncreases,	the	demand	for	even	greater	effic�ency	w�ll	requ�re	
�mproved	 qual�ty	 and	 use	 of	 weather	 �nformat�on.	 nextGen3	 �s	 a	 mult�-
agency	(Dot,	DoD,	Federal	Av�at�on	Adm�n�strat�on,	nat�onal	Aeronaut�cs	
and	space	Adm�n�strat�on	[nAsA],	and	Wh�te	House	office	of	sc�ence	and	
technology	Pol�cy)	 �n�t�at�ve	 to	dramat�cally	 �mprove	 the	management	of	
a�r	transportat�on	by	2025.	Weather	�nformat�on	plays	an	�mportant	role	�n	
nextGen,	enabl�ng	the	�dent�ficat�on	of	where	and	when	a�rcraft	can	and	
cannot	fly.	In	bu�ld�ng	nextGen,	weather	�nformat�on	�s	be�ng	des�gned	to	
�ntegrate	w�th,	and	support,	dec�s�on-or�ented	automat�on	capab�l�t�es	and	
human	dec�s�on-mak�ng	processes.	Weather	�nformat�on	supports	trajectory-
based	plann�ng	and	dec�s�on	mak�ng.	the	nextGen	weather	and	automat�on	
capab�l�t�es	w�ll	support	catalog�ng	and	analyz�ng	fl�ght	plans	and	prov�de	
recommended	routes	to	p�lots	and	d�spatchers.	Weather	�nformat�on	�n	the	
form	of	meteorolog�cal	var�ables	that	are	observed	or	forecasted	(e.g.,	storm	
�ntens�ty,	echo	tops)	need	to	be	translated	�nto	�nformat�on	that	�s	d�rectly	
relevant	to	nextGen	users	and	serv�ce	prov�ders,	such	as	the	l�kel�hood	of	a	
fl�ght	dev�at�on,	a�rspace	permeab�l�ty,	and	capac�ty.	Uncerta�nty	�n	meteo-
rolog�cal	phenomena	that	have	s�gn�ficant	�mpact	on	a�r	system	capac�ty	�s	
be�ng	managed	through	the	use	of	probab�l�st�c	forecasts	that	w�ll	�nclude	
the	three-d�mens�onal	locat�on,	t�m�ng,	�ntens�ty,	and	the	probab�l�ty	of	all	
poss�ble	outcomes.

Persistent Hazardous Conditions

these	VHI	weather	phenomena	generally	occur	as	a	result	of	prolonged	
anomalous	weather	cond�t�ons	last�ng	days,	weeks,	or	even	years.	Impacts	
can	result	from	e�ther	excess	or	defic�ent	prec�p�tat�on,	anomalously	warm	
or	 cold	 temperatures,	 and	 often	 �n	 comb�nat�on	 w�th	 anomal�es	 of	 w�nd	
and	sunsh�ne.

River Floods

Although	 somet�mes	 generated	 by	 a	 s�ngle	 ra�nfall	 event,	 the	 worst	
floods	are	often	a	comb�nat�on	of	prolonged	ra�n	and	snowmelt,	and	oc-
cur	over	a	longer	t�mescale	than	flash	floods,	such	as	the	M�dwest	floods	
of	1993,	wh�ch	are	thought	to	be	the	largest	and	most	s�gn�ficant	recorded	

3	see	http://www.jpdo.gov/�ndex.asp.
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flood	�n	the	Un�ted	states.	Flood�ng	occurred	across	n�ne	states,	result�ng	�n	
48	deaths	and	approx�mately	$21	b�ll�on	�n	damages	(ncDc,	2010).

Improvements	�n	the	ab�l�ty	to	pred�ct	anomalously	wet	patterns	could	
have	an	�mpact	on	the	ab�l�ty	to	ant�c�pate	r�ver	floods	and	allow	emergency	
and	water	managers	to	plan	ahead.

Drought

Drought	has	huge	�mpl�cat�ons	for	agr�culture,	water	supply,	recreat�onal	
�ndustr�es,	and	var�ous	commerc�al	enterpr�ses.	sh�fts	�n	populat�on	to	low-
prec�p�tat�on	areas	where	water	�s	normally	�n	short	supply—and	to	urban	
areas	where	suppl�es	may	be	l�m�ted—have	already	brought	water	supply	
problems,	 water	 restr�ct�ons,	 and	 d�sputes	 to	 many	 places	 �n	 the	 Un�ted	
states.	 A	 recent	 workshop	 has	 summar�zed	 some	 of	 the	 �ssues	 and	 re-
search	needs	fac�ng	pred�ct�on	of	drought	on	seasonal	to	decadal	t�mescales	
(schubert	et	al.,	2007).	Research	needs	 range	 from	a	greater	understand-
�ng	of	 the	 forc�ng	 factors	 (ocean�c,	el	n�ño–southern	osc�llat�on	[enso],	
aerosol	feedback,	vegetat�on,	and	others),	espec�ally	w�th	respect	to	var�ous	
cl�mate	change	scenar�os,	to	�mproved	numer�cal	model�ng	of	the	coupled	
land–ocean–atmosphere	system.

Heat and Cold Waves 

each	of	these,	typ�cally	last�ng	up	to	a	few	days,	can	have	ser�ous	�m-
pl�cat�ons	for	human	health,	agr�culture,	and	other	�ndustr�es.	Hundreds	to	
thousands	of	fatal�t�es	(cDc,	2006)	result	annually	from	heat	waves	�n	the	
Un�ted	states	alone,	�nclud�ng	about	700	excess	deaths	dur�ng	the	1995	heat	
wave	�n	ch�cago	alone.	there	�s	also	a	strong	correlat�on	between	heat	waves	
and	pollutant	levels,	and	the	synerg�st�c	effects	of	heat	and	poor	a�r	qual�ty	
lead	to	elevated	morb�d�ty	levels.	Because	heat	waves	w�th	the	largest	�mpacts	
last	for	many	days,	there	�s	a	press�ng	need	to	�mprove	med�um-	to	extended-
range	forecast�ng.	temperature	anomal�es	have	huge	econom�c	�mpl�cat�ons	
for	 energy	 use	 and	 for	 commerc�al	 ut�l�ty	 prov�ders.	 For	 example,	 urban	
electr�c�ty	usage	�ncreases	3	to	5	percent	for	each	1°c	�ncrease	�n	amb�ent	
a�r	temperature	above	about	22°c	(sa�lor	and	D�etsch,	2007).

Air Quality

A�r	qual�ty	and	�ts	�mpacts	on	health	and	the	economy	�nvolve	far	more	
than	just	the	pollutants	em�tted	�nto	the	atmosphere.	Weather	factors	such	
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as	�nvers�ons,	w�nd	speed	and	stab�l�ty,	prec�p�tat�on,	and	other	factors	are	
often	controll�ng	�nfluences.	A�r	stagnat�on	ep�sodes	often	�nvolve	a	pattern	
of	strong,	low-level	�nvers�on	and	l�ght	w�nds	that	pers�sts	for	a	few	days.	
one	study	(schwartz	and	Dockery,	1992)	�nd�cated	that	60,000	people	d�e	
�n	the	Un�ted	states	each	year	because	of	poor	a�r	qual�ty.

Improvements in Impacts Forecasting

the	�mpacts	of	VHI	weather	ep�sodes	tend	to	be	max�m�zed	�n	urban�zed	
areas	where	large	numbers	of	c�t�zens	and	�nfrastructure	are	concentrated.	
even	for	the	smallest	of	the	VHI	weather	phenomena	(e.g.,	tornadoes	and	
flash	floods)	s�gn�ficant	port�ons	of	an	urban�zed	area	can	be	ser�ously	�m-
pacted.	Further	�ssues	spec�fic	to	the	urban	env�ronment	are	addressed	�n	
follow�ng	sect�ons.

Research	that	leads	to	�mproved	understand�ng,	mon�tor�ng,	pred�ct�on,	
and	commun�cat�on	of	VHI	weather	phenomena	w�ll	result	�n	fewer	�njur�es	
and	fatal�t�es	and	reduce	the	�mpacts	of	the	tens	of	major	natural	d�sasters	
that	annually	�mpact	the	Un�ted	states.	In	add�t�on	to	the	econom�c	�mpacts	
of	VHI	weather	already	descr�bed,	there	are	countless	appl�cat�ons	�n	wh�ch	
�mproved	 weather	 �nformat�on	 can	 result	 �n	 enhanced	 cost-effect�veness	
and	sav�ngs	for	publ�c	ent�t�es,	bus�ness,	and	�ndustry.	soc�al	sc�ent�sts	and	
econom�sts	are	needed	 to	help	quant�fy	 the	benefits	of	weather	data	and	
forecasts	to	these	appl�cat�ons	and	to	define	key	�mpact	parameters	(as	d�s-
t�nct	from	trad�t�onal	weather	parameters).

Impacts of Climate Change on Very High Impact Weather

A	major	challenge	�s	to	understand	the	effects	of	cl�mate	change	on	VHI	
weather	and	�ts	potent�al	long-term	soc�oeconom�c	�mpl�cat�ons.	Potent�al	
changes	�n	storm	tracks	and	�ntens�ty,	and	the	frequency	of	severe	drought	
and	flood�ng	events	are	of	great	value	�n	r�sk	assessment,	adaptat�on,	and	
m�t�gat�on.	Although	 recent	 stud�es	have	 suggested	 that	 the	 �ntens�ty	 and	
perhaps	 even	 the	 number	 of	 extreme	 weather	 events	 may	 �ncrease	 (e.g.,	
Anthes	et	al.,	2006;	Knutson	et	al.,	2010;	trapp	et	al.,	2007;	trenberth	et	al.,	
2003),	�t	�s	d�fficult	to	evaluate	and	val�date	the	results	because	of	the	lack	
of	observat�ons	and	 l�m�tat�ons	 �n	cl�mate	models	 to	 represent	“weather.”	
the	relat�vely	low	resolut�on	and	�nsuffic�ent	phys�cal	representat�on	�n	the	
current	cl�mate	models	have	led	to	great	uncerta�nty	�n	the	assessment	of	
the	�mpact	of	cl�mate	change	on	VHI	weather.	A	well-des�gned	systemat�c	
approach	 �s	 urgently	 needed	 to	 �mprove	 cl�mate	 model	 phys�cal	 param-
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eter�zat�ons	(�n	consequence	of	�ncreases	�n	model	gr�d	resolut�on),	model	
pred�ct�on	of	VHI	weather	stat�st�cs,	downscal�ng	of	local	�mpacts	of	chang-
�ng	cl�mate	us�ng	h�gh-resolut�on	cloud-resolv�ng	and	�mpact	models,	and	
r�gorous	model	ver�ficat�on	w�th	observat�ons;4	th�s	would	requ�re

•	 fundamental	research	to	�mprove	understand�ng	of	VHI	weather	phe-
nomena,	espec�ally	how	underp�nn�ng	dynam�cal	and	phys�cal	processes	
are	�mpacted	by	larger	scale	forc�ngs;

•	 better	 understand�ng	 of	 pred�ctab�l�ty	 and	 pred�ct�ve	 sk�lls	 of	 VHI	
weather	on	shorter	t�mescales	as	well	as	weather	stat�st�cs	on	longer	t�me-
scales	(e.g.,	the	pers�stent	large-scale	flow	patterns	that	produce	drought	and	
flood�ng	events);	and

•	 development	 of	 a	 seamless,	 �ntegrated	 weather–�mpact	 pred�ct�on	
system	from	global	to	reg�onal	and	local	scales,	wh�ch	can	be	used	for	r�sk	
and	benefit	assessment	and	dec�s�on	mak�ng.

Research Priorities

to	�mprove	pred�ct�ve	sk�lls,	research	�s	needed	to	better	understand	and	
�dent�fy	the	“sources”	of	pred�ctab�l�ty	for	var�ous	VHI	weather	phenomena.	
For	�nstance,	�mprov�ng	severe	weather	forecasts	requ�res	very	h�gh	resolu-
t�on	cloud-resolv�ng	models	w�th	�mproved	data	ass�m�lat�on	techn�ques	on	
short	t�mescales	of	hours	or	less.	on	the	other	hand,	�mprov�ng	forecasts	for	
heat	waves	and	prolonged	cold	outbreaks	as	well	as	flood�ng	from	pers�stent	
ra�n	events	requ�res	better	global	model	pred�ct�on	on	extended	t�mescales	
beyond	a	few	weeks.	For	the	latter,	mon�tor�ng	and	data	ass�m�lat�on	of	so�l	
mo�sture	may	be	espec�ally	cr�t�cal.	Pred�ct�on	of	drought	extends	from	sea-
sonal	to	�nterannual	and	decadal	t�mescales	(schubert	et	al.,	2007).	the	use	
of	ensemble	model	pred�ct�on	for	probab�l�st�c	forecast�ng	requ�res	new	sys-
temat�c	ver�ficat�on	methods	w�th	quant�tat�ve	uncerta�nty	est�mates.	these	
pr�or�ty	 research	needs	 for	 �mproved	weather	pred�ct�on	on	all	 scales	are	
common	to	those	presented	�n	chapter	3.	Beyond	that,	research	�s	needed	
to	develop,	test,	and	ver�fy	�mpact	pred�ct�ons	for	mult�ple	appl�cat�ons.

Recommendation: The federal agencies and their state and local govern-
ment partners, along with private-sector partners, should place high pri-
ority on providing not only improved weather forecasts but also explicit 
impact forecasts. An effective integrated weather–impacts prediction 
system should utilize high-quality and high-resolution meteorological 

4	Refer	also	to	the	d�scuss�on	�n	the	model�ng	and	observat�ons	sect�ons	�n	chapter	3.
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analysis and forecast information as part of coupled prediction systems 
for VHI weather situations.

th�s	w�ll	requ�re

•	 fundamental	 research	 �n	both	 the	phys�cal	 and	 soc�al	 sc�ences	
to	�mprove	understand�ng	and	pred�ct�on	of	VHI	weather	phenomena,	
and	the	prov�s�on	of	warn�ngs	and	r�sk	assessments	�n	support	of	dec�-
s�on	mak�ng;

•	 development	of	�mpact	parameters	and	representat�ons	for	mul-
t�ple	appl�cat�ons	(e.g.,	morb�d�ty,	electr�c	gr�d	vulnerab�l�ty,	surge	and	
flood	�nundat�on	areas);

•	 research	to	determ�ne	and	obta�n	cr�t�cal	and	t�mely	observat�ons;
•	 end-to-end	part�c�pat�on	by	mult�ple	sectors	and	d�sc�pl�nes	(�n-

clud�ng	 modelers,	 observat�onal�sts,	 forecasters,	 soc�al	 sc�ent�sts,	 and	
end	users)	to	jo�ntly	des�gn	and	�mplement	�mpacts-forecast�ng	systems;	
and

•	 mult�d�sc�pl�nary	undergraduate	and	graduate	programs	that	can	
address	the	emerg�ng	field	of	VHI	weather–�mpacts	pred�ct�on,	r�sk	as-
sessment	and	management,	and	commun�cat�on	through	fully	�ntegrated	
research,	educat�on,	and	tra�n�ng	for	the	new	generat�on	of	sc�ent�sts,	
forecasters,	emergency	managers,	and	dec�s�on	makers.

Research-to-Operations Priorities

A	key	aspect	of	the	VHI	weather	�mpact	recommendat�on	�s	to	encour-
age	d�verse	government	agenc�es,	academ�a,	and	the	pr�vate	sector	to	work	
together	�n	defin�ng	and	address�ng	problems	�n	wh�ch	meteorolog�cal	�nfor-
mat�on—�n	current	or	future	�mproved	fash�on—can	be	used	as	part	of	�m-
pacts	forecast�ng.	In	many	cases,	th�s	w�ll	�nvolve	use	of	weather	�nformat�on	
�n	coupled	models	or	as	data	for	�nput	to	spec�fic	�mpact	models.	examples	
�nclude	the	pred�ct�on	of	w�nd,	ra�n,	storm	surge,	and	�nland	�nundat�on	from	
hurr�canes,	 coupled	 w�th	 deta�led	 topograph�c,	 land-use,	 and	 populat�on	
mapp�ngs,	 to	del�neate	 �n	a	probab�l�st�c	manner	wh�ch	 locat�ons	w�ll	be	
most	�mpacted.	th�s	w�ll	make	�t	poss�ble	for	emergency	managers	and	the	
publ�c	to	make	more	effect�ve	dec�s�ons	regard�ng	hurr�cane	evacuat�ons,	
and	for	ut�l�ty	compan�es	and	d�saster	recovery	organ�zat�ons	to	better	an-
t�c�pate	the	scope	of	the	rel�ef	and	recovery	efforts	l�kely	to	be	necessary.

Mov�ng	forward,	there	needs	to	be	recogn�t�on	of	the	extens�ve	efforts	
of	the	pr�vate	sector	�n	pred�ct�ng	weather-related	�mpacts	and	ass�st�ng	�n	
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dec�s�on	mak�ng	and	r�sk	management	for	the�r	cl�ents.	obv�ous	examples	
�nclude	 preparat�on	 for	 storms,	 crop	 forecasts,	 energy	 management	 and	
trad�ng,	a�rl�ne	operat�ons,	sh�p	ocean	rout�ng	and	port	operat�ons,	and	rec-
reat�onal	enterpr�ses,	to	name	but	a	few.	some	years	ago,	nWs	abandoned	
�mpacts	forecast�ng	because	�t	could	not	serve	some	�ndustr�es	d�rectly	wh�le	
�gnor�ng	others,	wh�le	need�ng	 to	 focus	on	 �ts	pr�mary	goal	of	promot�ng	
publ�c	health	and	safety.	the	current	nWs	strategy,5	stated	s�mply	(perhaps	
overly	so),	�s	to	obta�n	the	observat�ons	and	prov�de	the	forecasts	necessary	
for	the	protect�on	of	l�fe	and	property	and	then	make	that	�nformat�on	read�ly	
ava�lable	to	the	publ�c	and	the	pr�vate	sector	to	serve	the�r	spec�al	needs,	
�nclud�ng	pred�ct�on	of	�mpacts.	However,	�mpact	forecasts	are	needed	as	
much	 �n	 the	 doma�n	 of	 the	 nWs	 and	 other	 publ�c	 agenc�es	 as	 they	 are	
needed	�n	the	doma�n	served	by	the	pr�vate	sector.	some	examples	of	�m-
pact	forecasts	that	fall	w�th�n	the	purv�ew	of	the	publ�c	sector	�nclude	heat	
stress	(�n	contrast	w�th	temperature	and	hum�d�ty),	resp�ratory	stress	(from	
the	synerg�es	of	elevated	a�r	pollut�on	levels	and	temperatures),	w�nd	ch�ll	
(temperature,	hum�d�ty,	and	w�nd	speed),	and	so	forth.

to	 ach�eve	 these	 goals,	 a	 mechan�sm	 �s	 needed	 to	 encourage	 com-
mun�cat�on	between	the	meteorolog�cal	commun�ty	and	those	�nvolved	�n	
dec�s�on	mak�ng	and	other	types	of	�mpact	model�ng.	th�s	would	�nvolve	
soc�oeconom�c	sc�ent�sts	and	end	users	as	full	part�c�pants	and	partners.	It	
may	�nvolve	creat�on	of	an	�ntegrated	weather–�mpact	model�ng	testbed	or	
other	such	mechan�sm.	A	great	deal	of	cross-cultural	educat�on	�s	needed	for	
each	commun�ty	(meteorolog�sts	and	�mpact	spec�al�sts)	to	become	fam�l�ar	
w�th	the	term�nology,	capab�l�t�es,	and	needs	of	the	partner	group(s).

Although	the	path	from	research	to	operat�ons	w�ll	l�kely	d�ffer	some-
what	from	one	VHI	weather	phenomenon	to	another,	a	general	methodology	
to	use	�n	�mplement�ng	the	new	�mpacts-forecast�ng	parad�gm	�ncludes

•	 Interact�ons	among	data/forecast	prov�ders,	users,	and	soc�al	sc�en-
t�sts	to	�dent�fy	the	user	data	needs	�n	order	to	define	the	nature	of	the	end	
product	�mpact	forecasts.

•	 Research	and	development	by	the	data	prov�der	and	user	commun�-
t�es	to	complete	the�r	components	of	the	�mpacts	forecast�ng	system,	and	by	
soc�al	sc�ent�sts	to	help	ta�lor	the	output	of	the	�mpacts	forecast�ng	system	for	
human	end	users.	When	the	end	users	are	the	general	publ�c,	soc�al	sc�ent�sts	
also	need	to	be	engaged	to	help	des�gn	educat�onal	mater�als	and	programs	
to	prepare	the	publ�c	to	understand	and	use	the	new	�mpact	forecasts.

5	the	nWs	strateg�c	Plan	for	2005–2010	�s	ava�lable	at	http://www.weather.gov/sp/;	the	up-
dated	strateg�c	plan	for	2010–2015	�s	expected	to	be	ava�lable	�n	the	th�rd	quarter	of	2010.	
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•	 test�ng	of	the	�mpacts	forecast�ng	system	and	tra�n�ng	personnel	�n	�ts	
use.	Depend�ng	upon	the	nature	of	the	VHI	weather	phenomenon,	th�s	type	
of	act�v�ty	could	be	performed	�n	one	of	the	ex�st�ng	testbeds,	such	as	the	
Hazardous	Weather	testbed	or	the	Hurr�cane	testbed	or	the	urban	testbed	
recommended	later	�n	th�s	report.

•	 When	 the	publ�c	 �s	 the	ult�mate	end	user	of	 the	output	of	 the	 �m-
pacts	 forecast�ng	 system,	 an	 educat�on	 and	 tra�n�ng	 campa�gn	 could	 be	
launched	to	help	people	understand	and	appropr�ately	respond	to	the	�mpact	
forecasts.

VHI	weather	phenomena	have	a	s�gn�ficant	�mpact	on	health	and	safety	
and	econom�c	v�tal�ty	�n	the	Un�ted	states	and	worldw�de.	Pr�or�ty	needs	to	
be	g�ven	to	�mprov�ng	understand�ng	and	pred�ct�on	of	these	phenomena,	
part�cularly	toward	develop�ng	and	�mplement�ng	�mpact-pred�ct�on	systems	
�n	order	to	meet	cr�t�cal	soc�etal	needs.

URBAN METEOROLOGy

Global Urbanization

s�nce	 the	end	of	 the	second	World	War,	urban�zat�on	of	 the	world’s	
populat�on	has	g�ven	 r�se	 to	more	 than	400	c�t�es	around	 the	world	w�th	
populat�ons	�n	excess	of	1	m�ll�on	and	more	than	25	so-called	megac�t�es	
w�th	populat�ons	of	over	10	m�ll�on	(e.g.,	F�gure	4.2;	Br�nkhoff,	2010;	Pearce,	
2006).	some	metropol�tan	reg�ons	now	conta�n	between	20	m�ll�on	and	30	
m�ll�on	people,	�nclud�ng	tokyo,	Japan	(34.0	M);	Mumba�,	Ind�a	(22.8	M);	
seoul-Incheon,	Republ�c	of	Korea	(24.2	M);	and	Mex�co	c�ty,	Mex�co	(23.4	
M.	even	greater	Los	Angeles	(17.9	M),	wh�ch	now	stretches	from	Goleta	�n	
the	north	nearly	to	ensenada	(Mex�co)	�n	the	Baja,	�s	nearly	a	v�rtual	“super-
megac�ty.”	Recent	reports	publ�shed	by	the	Un�ted	nat�ons	est�mate	that	�n	
2007,	50	percent	of	the	world’s	populat�on,	and	more	than	75	percent	of	the	
populat�on	�n	developed	countr�es,	l�ved	�n	c�t�es	(Un,	2008).	All	�nd�cat�ons	
are	that	urban�zat�on	w�ll	cont�nue	through	much	of	the	21st	century,	though	
the	rate	of	growth	of	urban	populat�ons	may	slow	somewhat	from	what	was	
seen	�n	the	last	decades	of	the	20th	century	(Brockerhoff,	1999,	2000).

Urban	meteorology	�s	the	study	of	the	phys�cs,	dynam�cs,	and	chem�stry	
of	 the	�nteract�ons	of	 the	earth’s	atmosphere	and	the	urban	bu�lt	env�ron-
ment,	and	the	prov�s�on	of	meteorolog�cal	serv�ces	to	the	populat�ons	and	
�nst�tut�ons	of	metropol�tan	areas	(usually	d�v�ded	�nto	Metropol�tan	stat�s-
t�cal	Areas	[MsAs]	and	M�cropol�tan	stat�st�cal	Areas	[µsAs],	see	Box	4.1	
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for	a	br�ef	d�scuss�on	on	what	�s	cons�dered	an	“urban	area,”	at	least	�n	the	
Un�ted	states).	Because	one	of	the	goals	of	appl�ed	meteorology	�s	to	prov�de	
serv�ces	 to	 soc�ety,	 urban	 reg�ons	 where	 people	 are	 h�ghly	 concentrated	
mer�t	spec�al	attent�on.	Urban	populat�ons	can	benefit	greatly	from	a	w�de	
range	of	weather	and	cl�mate	serv�ces	ta�lored	to	the�r	urban	env�ronments.	
Although	the	deta�ls	of	such	serv�ces	are	dependent	on	the	locat�on,	geo-
morphology,	and	synopt�c	cl�matology	of	a	part�cular	c�ty,	there	are	common	
themes,	such	as	enhanc�ng	qual�ty	of	l�fe	and	respond�ng	to	emergenc�es,	
wh�ch	are	 relevant	 to	many	c�t�es.	the	urban	 landscape,	w�th	 �ts	d�st�nct	
patterns	of	surface	roughness	and	fluxes	of	heat,	mo�sture,	and	pollutants,	
presents	 s�gn�ficant	 challenges	 to	 researchers	 and	operat�onal	meteorolo-
g�sts.	Urban	meteorology	can	benefit	from	�mplementat�on	of	many	of	the	
other	 recommendat�ons	 �n	 th�s	 report,	 such	 as	 the	 development	 of	 h�gh-
resolut�on	mesoscale	networks	and	weather	pred�ct�on	models,	hydrolog�c	
pred�ct�on	models,	 �mpacts	 pred�ct�ons	 and	 soc�oeconom�c	 analyses	 (see	
chapters	2,	3,	and	4),	wh�ch	could	then	be	further	refined	and	ta�lored	to	
the	urban	landscape.

FIGURE 4.2 At about 6,340 people per square kilometer, the population density of 
Hong Kong is among the highest on Earth. SOURCE: Wikipedia. Available at http://
en.wikipedia.org/wiki/File:Crowd_in_HK.JPG.
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BOX 4.1
Metropolitan Areas

Identifying appropriate boundaries for a metropolitan area is difficult. In the United States, the 
federal government has formally defined Metropolitan Statistical Areas (MSAs; see figure below). These 
regions are composed of counties or equivalents. MSAs are delineated on the basis of a central urban-
ized area, which is a contiguous area of relatively high population density with a population greater 
than 50,000. The counties containing the urbanized core are known as the central counties of the MSA; 
surrounding or outlying counties are included in the MSA if they have strong social and economic ties 
to the central counties as measured by commuting and employment. As of 1 July 2009, using data 
developed by the U.S. Census Bureau (2009), the federal Office of Management and Budget recognized 
366 MSAs in the United States. Some of the largest MSAs are subdivided into Metropolitan Divisions. 
These contained about 233 million people in the 2000 census.

Since 2003, the U.S. government has also identified Micropolitan Statistical Areas (µSAs); these 
are areas centered on a small city with a population in the range 10,000 to 49,999 (Figure 4.3). The area 
is again based on counties. While individual micropolitan areas do not have the economic or political 
impact of MSAs, collectively they contribute significantly to the national statistics for population (~30M) 
and economic activity because of their large number (560 based on 2000 census data). Frequently 
µSAs have relatively low labor and land costs, and so several have developed surrounding regions of 
urban sprawl. Because the designation as a µSA is based on the core city, in some cases µSAs are 
actually more populous than some MSAs. (Note that based on the 2000 census, only ~45 million out of 
an estimated 308.5 million individuals in the United States did not live in either an MSA or a µSA.)

FIGURe: Map	of	core-based	metropol�tan	and	m�cropol�tan	stat�st�cal	areas	(MsA	and	µsA,	respect�vely)	of	the	Un�ted	
states,	based	on	2005	U.s.	est�mated	census	data	soURce:	created	by	Rarel�bra	19:40,	25	october	2006	(Utc)	for	
publ�c	doma�n	use,	us�ng	MapInfo	v8.5	and	var�ous	mapp�ng	resources.
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the	Un�ted	states	has	a	populat�on	of	more	 than	308,500,000.6	 It	 �s	
largely	 an	 urban	 populat�on,	 w�th	 about	 81	 percent	 res�d�ng	 �n	 MsAs	 or	
µsAs	as	of	m�d-2005;	the	equ�valent	worldw�de	urban	rate	was	49	percent	
(Un,	2008).	c�t�es	and	suburbs	are	home	to	the	large	major�ty	of	the	U.s.	
populat�on,	yet	they	only	occupy	between	2	and	3	percent	of	the	land	area	
of	the	Un�ted	states.

these	urban	dwellers	and	the�r	support�ng	�nst�tut�ons	and	�nfrastructure	
have	needs	 for	 ta�lored	weather	 �nformat�on	and	serv�ces	 that	d�ffer	 from	
those	l�v�ng	�n	rural	areas.	the	most	notable	shortcom�ng	of	current	urban	
meteorolog�cal	 serv�ces	 �s	 the	 lack	 of	 spat�al	 resolut�on.	 current	 observ-
�ng	and	pred�ct�on	systems	are	structured	to	prov�de	more	or	less	un�form	
serv�ces	across	the	whole	Un�ted	states.	observat�ons	are	more	or	less	un�-
formly	d�str�buted,	part�cularly	where	terra�n	�s	not	an	obstacle,	on	scales	
of	tens	to	a	few	hundred	k�lometers.	Further,	even	w�th	the	recent	sh�ft	by	
the	nWs	to	a	d�g�tal	gr�dded	forecast,	the	current	resolut�on	�s	st�ll	coarse,	
w�th	only	a	 few	po�nts	per	county.	the	current	observ�ng	and	pred�ct�on	
systems	s�mply	do	not	prov�de	the	level	of	resolut�on	and	surface	spec�fic�ty	
necessary	for	the	product�on	of	meteorolog�cal	products	and	serv�ces	on	the	
urban	scales,	wh�ch	range	from	a	few	meters	to	a	k�lometer	or	so	at	most.	
An	example	�s	w�nds	at	street	level—observ�ng	and	pred�ct�ng	these	can	be	
both	a	qual�ty-of-l�fe	serv�ce	for	those	walk�ng	�n	the	c�ty	and	a	safety	and	
secur�ty	�ssue	for	emergency	responders	deal�ng	w�th	d�spers�on	of	chem�cal,	
b�olog�cal,	or	rad�oact�ve	agents.

the	urban	env�ronment	also	mer�ts	spec�al	products	and	serv�ces	deal�ng	
w�th	a�r	qual�ty	(�nclud�ng	pollutants	related	to	resp�ratory	stress,	heat	and	
cold	stress	on	humans	and	�nfrastructure,	and	mon�tor�ng	of	cond�t�ons	on	
the	transportat�on	networks—l�ght	ra�l	as	well	as	roads—that	t�e	the	urban	
complex	together.

Further,	because	of	the	complex�ty	of	the	urban	env�ronment,	meteoro-
log�cal	support	needs	to	be	part	of	an	�ntegrated	or	mult�hazard	warn�ng	sys-
tem	that	cons�ders	the	full	range	of	env�ronmental	challenges	and	prov�des	a	
un�fied	response	from	mun�c�pal	leaders.	the	World	Meteorolog�cal	organ�-
zat�on	(WMo)	has	responded	to	th�s	need	for	a	comprehens�ve	response	to	
h�gh-�mpact	weather	and	weather-related	events	w�th	�ts	Mult�-Hazard	early	
Warn�ng	system	(MHeWs)7	�n�t�at�ve,	as	exempl�fied	by	p�lot	projects	under	
way	�n	France	and	shangha�,	ch�na.	examples	of	urban	weather	that	such	a	
system	would	cons�der	�nclude	w�nter	hazards,	such	as	snow	and	�ce;	flash	
flood�ng;	sand	and	dust	storms;	extended	per�ods	of	extreme	temperatures;	

6	see	http://www.census.gov/ma�n/www/popclock.html.
7	see	http://www.wmo.�nt/pages/prog/drr/projects_en.html.
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adverse	a�r	qual�ty;	trop�cal	cyclones	w�th	attendant	h�gh	w�nds,	storm	surge,	
heavy	ra�n,	and	flood�ng;	and	drought	w�th	attendant	water	shortages.

The Challenge: Enhance Meteorological Services to Metropolitan Areas

Modern	urban	meteorology	�n	the	Un�ted	states	l�kely	had	�ts	beg�nn�ngs	
�n	the	prov�s�on	of	support	to	�ce	and	snow	removal	efforts.	It	expanded	�n	
the	1960s	w�th	the	mandated	mon�tor�ng	of	atmospher�c	cond�t�ons	to	meet	
a�r	qual�ty	standards.	As	c�t�es	have	grown	larger,	local	and	reg�onal	govern-
ments,	as	well	as	local	�ndustry,	have	sought	more	env�ronmental	�nput	to	
a�d	the�r	dec�s�on	mak�ng.	today,	urban	meteorology	�s	recogn�zed	as	a	type	
of	reg�onal-scale	meteorology	where	the	reg�on	�s	h�ghly	populated	and	a	
large	port�on	of	the	surface	�s	covered	w�th	bu�lt	�nfrastructure.

All	metropol�tan	areas	 face	a	number	of	 ser�ous	env�ronmental	 chal-
lenges.	 A�r	 qual�ty	 management	 �s	 one;	 another	 �s	 effect�ve	 response	 to	
many	types	of	emergenc�es,	such	as	heat	waves,	large	fires	(�nclud�ng	w�ld-
fires),	and	tox�c	chem�cal	sp�lls.	some	MsAs	are	located	�n	reg�ons	prone	
to	 part�cular	 hazardous	 atmospher�c	 phenomena,	 such	 as	 M�am�,	 wh�ch	
�s	threatened	by	trop�cal	cyclones,	and	ch�cago,	wh�ch	deals	w�th	severe	
thunderstorms,	w�ntert�me	cold	and	snow,	and	summert�me	heat	waves.	A	
major	concern	�n	recent	years	�s	that	c�t�es	have	become	targets	for	terror�st	
attacks	w�th	poss�ble	releases	of	dangerous	a�rborne	agents	�nto	the	urban	
env�ronment.	As	a	consequence,	a	number	of	homeland	secur�ty	�ssues	are	
strongly	 t�ed	 to	urban	meteorology	 (nRc,	2003c).	Furthermore,	all	MsAs	
rely	on	surround�ng	reg�ons	to	produce	cont�nuous	suppl�es	of	food,	water,	
raw	mater�als,	and	energy.	As	a	consequence,	metropol�tan	areas	are	sens�-
t�ve	to	meteorolog�cal	events	at	a	d�stance,	such	as	w�ldfires	or	strong	w�nds	
damag�ng	electr�cal	serv�ces	or	a	decl�ne	�n	mounta�n	snowpack	reduc�ng	
the	ava�lable	supply	of	water.

The Need: A National Initiative to Enhance  
Urban Meteorological Services

A	nat�onal	�n�t�at�ve	to	enhance	meteorolog�cal	serv�ces	ta�lored	to	and	
prov�ded	 �n	MsAs	 �s	a	h�gh-pr�or�ty	need	 for	a	w�de	var�ety	of	stakehold-
ers,	�nclud�ng	the	general	publ�c,	commerce	and	�ndustry,	and	all	levels	of	
government.	enhancements	would	�mprove	the	qual�ty	of	l�fe	and	the	publ�c	
safety	of	 those	 l�v�ng	and	work�ng	 �n	urban	areas,	 �ncrease	 the	effic�ency	
and	compet�t�ve	pos�t�ons	of	urban-based	�ndustry	and	commerce,	and	a�d	
emergency,	med�cal,	and	law	enforcement	serv�ces	�n	address�ng	threats	to	



Copyright © National Academy of Sciences. All rights reserved.

When Weather Matters: Science and Service to Meet Critical Societal Needs

108	108	 WHen	WeAtHeR	MAtteRs

l�fe,	property,	serv�ces,	and	urban	�nfrastructure.	some	of	the	act�v�t�es	that	
need	to	be	�ncluded	�n	such	an	�n�t�at�ve	�nclude

•	 Conducting basic research and development	�n	boundary-layer	me-
teorology;	observat�ons	and	network	des�gn;	meso-	and	m�croscale	meteo-
rology;	 data	 ass�m�lat�on	 and	 pred�ct�on	 systems;	 road,	 ra�l,	 and	 av�at�on	
weather;	a�r	qual�ty	and	atmospher�c	chem�stry;	and	hydrometeorology.

•	 Prototyping and other R2O activities by	 the	nWs to	 enable	 very	
short-	and	short-range	pred�ct�ons	that	employ	advanced	nowcast�ng	tech-
n�ques	�n	the	0-	to	3-hour	range	together	w�th	short-range	mesoscale	mod-
els;	to	�mprove	analyses	of	�n�t�al	and	boundary	cond�t�ons	and	short-range	
pred�ct�ons	for	mesoscale	model	forecasts	�n	the	12-	to	48-hour	range;	to	
enable	 the	merg�ng	of	probab�l�st�c	gu�dance	assoc�ated	w�th	nowcast�ng	
and	dynam�cal	pred�ct�ons	 �n	 the	3-	 to	12-hour	 range;	 to	prov�de	a	bas�s	
for	object-or�ented	ver�ficat�on	of	probab�l�st�c	forecasts	result�ng	from	en-
semble	techn�ques;	and	to	fac�l�tate	techn�que	development	for	advanced	
appl�cat�ons	of	mesoscale	observat�ons	to	locally	d�srupt�ve	weather	such	
as	 fog,	 surface	 �c�ng,	 thunderstorm	 �n�t�at�on	 and	 mot�on,	 ass�m�lat�on	 of	
prec�p�tat�on	measurements,	cond�t�ons	near	hurr�cane	landfall,	other	haz-
ardous	lake	and	coastal	ocean	cond�t�ons,	hazardous	urban	cond�t�ons,	fire	
weather	pred�ct�ons,	and	hydrolog�c	pred�ct�ons	and	warn�ngs.

•	 Supporting and improving productivity and efficiency in commercial 
and industrial sectors8 such	as	m�n�m�z�ng	energy	consumpt�on	�n	manu-
factur�ng	and	transportat�on;	opt�m�z�ng	electr�c	energy	generat�on	(see	the	
follow�ng	 sect�on	 on	 Renewable	 energy);	 effic�ent	 bu�ld�ng	 management;	
wholesale	and	reta�l	sales	across	a	broad	range	of	projects;	the	commerc�al	
a�r,	ra�l,	mar�t�me,	and	road	transportat�on	�ndustr�es;	the	broadcast	med�a;	
commod�t�es	exchanges;	and	�nsurance	�ndustr�es.

•	 Urban planning for long-term sustainability	that	�ncludes	m�n�m�z�ng	
releases	of	pollut�ng	mater�als;	m�n�m�z�ng	 the	urban	carbon	 footpr�nt	by	
reduc�ng	or	el�m�nat�ng	greenhouse	gas	em�ss�ons	from	mob�le	and	stat�on-
ary	sources;	development	of	comfortable	urban	m�crocl�mates	to	enhance	
the	qual�ty	of	l�fe;	m�n�m�z�ng	the	�mpacts	of	potent�ally	hazardous	weather	
phenomena;	and	�nform�ng	the	�nhab�tants	of	current	and	expected	future	
weather	cond�t�ons.	Foster�ng	local	solar	and	w�nd	power,	green	roofs,	and	
urban	garden�ng	�n	green	spaces	are	other	act�v�t�es.

8	such	�nformat�on	�s	prov�ded	�n	large	part	by	pr�vate-sector	meteorolog�sts	us�ng	bas�c	data	
and	forecast	�nformat�on	from	the	nWs	together	w�th	spec�al	observat�ons	and	models.
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In	the	Un�ted	states,	the	expert�se	needed	to	carry	out	the	act�v�t�es	de-
scr�bed	above	�s	d�str�buted.	the	nWs	has	a	nat�onal	observ�ng	system	and	
produces	a	w�de	range	of	forecast	products	each	day.	However,	�t	�s	often	
pr�vate-sector	meteorolog�sts	 (less	 frequently,	meteorolog�sts	employed	by	
state	or	local	governments)	who	ta�lor	the	general	government	forecasts	to	
prov�de	urban-focused	weather	products	and	serv�ces.	these	pr�vate-sector	
meteorolog�sts	usually	target	and	are	employed	by	n�che	markets,	such	as	
local	departments	of	transportat�on,	wh�ch	need	very	spec�fic	�nformat�on	to	
plan	for	clear�ng	�ce	and	snow.	so,	although	expert�se	and	exper�ence	ex�st	
to	address	the	above	top�cs,	they	are	not	currently	organ�zed	�n	any	coherent	
way.	the	federal	government,	�n	part�cular	the	nWs,	�s	unl�kely	to	obta�n	
the	 resources	 necessary	 for	 �t	 to	 prov�de	 the	 full	 range	 of	 urban	 serv�ces	
descr�bed	here.	However,	 the	nWs	�s	 �n	a	pos�t�on	to	prov�de	leadersh�p	
w�th�n	the	profess�onal	commun�ty	and	seed	development	and	demonstra-
t�on	projects	�n	such	a	way	that	the	full	spectrum	of	needed	products	and	
serv�ces	becomes	ava�lable,	some	from	the	government	and	some	from	the	
pr�vate	sector.

Progress in the Past Decade

the	�mportance	of	urban	meteorology	has	been	recogn�zed	�n	the	past.	
For	�nstance,	�n	2000,	PDt–10	(Dabberdt	et	al.,	2000)	stated,

the	 urban	 weather	 problem	 �s	 mult�d�mens�onal	 �n	 scope.	 Weather	 has	
spec�al	and	s�gn�ficant	�mpacts	on	a	large	fract�on	of	the	U.s.	populat�on	
who	l�ve	 �n	 large	urban	areas.	conversely,	 large	urban	areas	can	�mpact	
the	local	weather	and	hydrolog�c	processes	�n	var�ous	ways.	It	�s	�mportant	
to	recogn�ze	that	urban	users	have	d�fferent	needs	for	weather	�nformat�on	
than	do	the�r	rural	counterparts.

Further,	recogn�z�ng	the	cr�t�cal	role	of	accurate	�nformat�on	about	the	
atmospher�c	cond�t�ons	for	pred�ct�ons	of	transport,	d�ffus�on,	and	removal	
of	atmospher�c	pollutants,	the	PDt–11	(Dabberdt	et	al.,	2004)	stated,	“Im-
prov�ng	atmospher�c	forecasts	to	prov�de	�mproved	a�r	qual�ty	forecasts	su�t-
able	for	dec�s�on	makers	and	the	publ�c	�s	a	major	challenge.”	As	the	key	
measurement	problem	for	urban	areas,	they	�dent�fied	“the	spec�ficat�on	of	
vert�cal	w�nd,	turbulence,	and	temperature	profiles,	both	below	and	above	
the	urban	canopy.”

Although	some	progress	has	been	made	to	develop	the	spec�al	serv�ces	
that	target	the	MsAs	as	recommended	by	PDt–10	and	–11,	recent	stud�es	
�n	both	 the	Un�ted	states	and	elsewhere	agree	 that	 there	cont�nues	 to	be	
a	cr�t�cal	need	to	s�gn�ficantly	�mprove	weather	and	env�ronmental	mon�-
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tor�ng	and	pred�ct�on	serv�ces	for	metropol�tan	areas	and	the�r	support�ng	
reg�onal	�nfrastructure.	A	fundamental	�ssue	�s	that	most	observ�ng	system	
and	 nWP	 model	 output,	 and	 hence	 the	 result�ng	 products	 and	 serv�ces,	
are	too	coarse	�n	resolut�on	and	lack	representat�ve	surface	cond�t�ons	(�.e.,	
aerodynam�c	roughness	and	d�splacement	he�ght,	surface	heat	capac�ty	and	
conduct�v�ty,	and	so	forth)	to	prov�de	the	degree	of	deta�l	necessary	for	true	
urban	forecasts.	In	urban	products,	the	meteorology	needs	to	be	done	on	
scales	representat�ve	both	of	where	people	l�ve	and	work	and	of	the	relevant	
atmospher�c	processes.

Recogn�z�ng	the	need	for	�ncreased	attent�on	to	urban	�ssues,	the	WMo	
devoted	a	sess�on	of	�ts	th�rd	World	cl�mate	conference	to	a	d�scuss�on	of	
cl�mate	and	more	susta�nable	c�t�es.9	the	sess�on	resulted	�n	a	statement	of	
three	pr�or�t�es	�n	urban	weather	and	cl�mate:	cl�mate	research	for	hot	c�t�es,	
urban	cl�mate	model�ng,	and	educat�on,	 tra�n�ng,	and	knowledge	transfer	
�n	 urban	 cl�matology	 (WMo,	 2009).	 Relevant	 to	 the	 present	 d�scuss�on,	
Gr�mmond	 et	 al.	 (2009)	 �dent�fied	 and	 pr�or�t�zed	 where	 �mprovements	
�n	 observat�ons,	 data,	 understand�ng,	model�ng,	 tools,	 and	 educat�on	 are	
needed	to	ensure	that	�n	the	next	decade	urban	meteorology	supports	the	
development	of	more	susta�nable	c�t�es	(Append�x	A).

Around	2001	and	runn�ng	through	2006,	the	IBM	corporat�on	demon-
strated	 Deep Thunder,	 an	 exper�mental	 weather	 pred�ct�on	 serv�ce	 us�ng	
very	h�gh	performance	comput�ng	fac�l�t�es.	the	demonstrat�on	system	pro-
v�ded	local,	h�gh-resolut�on	short-range	weather	pred�ct�ons	custom�zed	to	
weather-sens�t�ve	bus�ness	operat�ons.	A	goal	was	to	prov�de	weather	fore-
casts,	more	or	less	on	demand,	at	a	very	h�gh	level	of	prec�s�on.	A	prototype	
operat�onal	system	prov�ded	24-hour-,	1-km-resolut�on	forecasts,	updated	
tw�ce	da�ly,	for	the	new	York	c�ty	area.	It	also	produced	forecasts	at	4-km	
resolut�on	cover�ng	the	greater	tr�-state	reg�on	and	beyond,	and	then	16-km	
resolut�on	for	the	rest	of	the	northeastern	Un�ted	states.	that	capab�l�ty	was	
extended	to	�nclude	other	parts	of	the	Un�ted	states.	Although	efforts	were	
focused	on	refin�ng	the	forecasts	for	the	new	York	area,	IBM	also	extended	
the	system	to	prov�de	forecasts	for	s�x	add�t�onal	metropol�tan	areas	�n	other	
parts	of	the	Un�ted	states,	�nclud�ng	the	M�am�/Fort	Lauderdale	area.	Deep 
Thunder	demonstrated	that	w�th	adequate	computat�onal	resources	�t	�s	pos-
s�ble	to	produce	useful	pred�ct�on	products	for	the	urban	env�ronment.10

s�nce	 the	 publ�cat�on	 of	 PDt–10	 and	 –11,	 new	 challenges	 and	 op-
portun�t�es	have	ar�sen.	For	example,	 some	urban	and	 reg�onal	planners,	
publ�c	health	offic�als,	and	meteorolog�sts	have	developed	an	apprec�at�on	

9	see	http://www.wcc3.org/sess�ons.php?sess�on_l�st=Ws-8.
10	see	http://www.research.�bm.com/weather/Dt.html.
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of	the	connect�ons	between	weather,	publ�c	health,	and	concerns	regard-
�ng	 long-term	 susta�nab�l�ty	of	 large	c�t�es	 (Patz	et	 al.,	 2000;	Penney	and	
D�ck�nson,	2009;	WHo,	2009).	In	add�t�on,	both	observat�ons	and	cr�t�cal	
weather	�nformat�on	are	be�ng	prov�ded	to	large	numbers	of	people	us�ng	
cell	phones,	personal	d�g�tal	ass�stants,	and	other	such	personal	commun�-
cat�on	dev�ces.

observ�ng	systems,	�nclud�ng	trad�t�onal	meteorolog�cal	observ�ng	sys-
tems	 (prov�d�ng	 measurements	 of	 temperature,	 pressure,	 mo�sture,	 w�nd,	
and	prec�p�tat�on),	a�r	and	water	qual�ty	mon�tor�ng	systems,	road	weather	
sensors,	and	espec�ally	v�deo	cameras	have	prol�ferated	�n	all	urban	areas.	
However,	these	systems	are	operated	more	or	less	�ndependently	by	a	w�de	
range	of	governmental	and	pr�vate	organ�zat�ons	and	generally	are	ut�l�zed	
for	narrow	purposes;	few	of	these	data	are	shared	w�th	others.	opt�ons	for	
develop�ng	partnersh�ps	to	share	data	and	serv�ces	have	been	d�scussed	at	
a	recent	UsWRP	workshop	(Dabberdt	et	al.,	2005)	and	�n	a	recent	BAsc	
study	report	(nRc,	2009b).

Opportunities for Continuing Progress

Meet�ng	the	challenges	of	urban	meteorology—mon�tor�ng	and	forecast-
�ng	weather,	hydrology,	and	a�r	qual�ty	on	the	meso-	and	m�croscales	�n	and	
around	 the	 complex	 urban	 bu�lt	 env�ronment—requ�res	 that	 phenomena	
un�que	to	the	urban	env�ronment	be	better	understood.	examples	of	urban	
phenomena	warrant�ng	study	�nclude

•	 Street-level weather:	W�nds,	temperature,	prec�p�tat�on,	and	surface	
water	(�n	all	�ts	phases)	all	�mpact	qual�ty	of	l�fe,	bus�ness	operat�ons,	and	
transportat�on.	careful	bu�ld�ng	des�gn,	urbanw�de	plann�ng	based	on	local	
cl�matology,	and	operat�onal	dec�s�on	support	systems	are	examples	of	ac-
t�ons	that	can	be	taken	to	m�n�m�ze	negat�ve	effects	and	make	urban	areas	
more	effect�ve	and	pleasanter	places	to	l�ve	and	work.

•	 Wind in the urban canyon:	Hel�cal	street-canyon	c�rculat�ons	formed	
as	a�r	flows	through	the	art�fic�al	canyons	created	by	mult�story	bu�ld�ngs	
are	a	spec�al	element	of	m�croscale	weather	�n	the	urban	area.	these	w�nd	
c�rculat�ons	are	complex	and	cr�t�cal	�n	the	local	transport	and	d�ffus�on	of	
pollutants,	part�culates	(snow,	sand,	and	dust),	and	tox�c	mater�als.

•	 Evolution of the urban boundary layer:	 Urban	 surface	 propert�es	
(roughness,	albedo,	em�ss�v�ty,	heat	capac�ty	and	conduct�v�ty,	and	perme-
ab�l�ty)	and	the�r	changes	w�th	locat�on	�n	the	metropol�tan	area	contr�bute	
to	the	evolut�on	of	the	urban	boundary	layer	across	the	c�ty.	Account	also	
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needs	 to	be	 taken	of	 local	bod�es	of	water	 and	 reg�onal	 topography	 that	
can	produce	land	and	sea	breeze	effects	and	var�ous	types	of	slope-related	
w�nds.

•	 Urban heat island:	Amb�ent	temperatures	are	moderated	locally	by	
surface	heat�ng,	produc�ng	an	urban	“�sland”	of	warm	a�r	as	first	quant�fied	
by	Luke	Howard	�n	1833.	th�s	�ncrease	�n	temperature	occurs	because	paved	
areas	and	bu�ld�ngs	absorb	(lower	albedo)	and	reta�n	(greater	heat	capac�ty)	
more	solar	energy	than	the	surround�ng	natural	landscape	and	so	become	
relat�vely	warm.	the	release	of	anthropogen�c	waste	heat	also	contr�butes	
to	 the	urban	heat	 �sland.	that	 stored	energy	 �s	 released	 slowly	and	 so	 �s	
reta�ned	well	 �nto	 the	n�ght.	consequently,	c�t�es	 tend	 to	stay	warm	even	
as	the	surround�ng	natural	landscape	cools	at	n�ght.	the	heat	�sland	effect	
contr�butes	to	and	ampl�fies	the	number	of	casualt�es	�n	urban	areas	dur�ng	
heat	waves.

•	 Urban flooding:	All	urban	areas	conta�n	many	roads,	park�ng	 lots,	
and	other	areas	w�th	hard	packed	surfaces	nearly	�mpenetrable	to	water.	In	
many	urban	areas,	water	courses	have	been	converted	�nto	concrete-l�ned	
channels	 that	may	be	e�ther	covered	or	open.	L�ttle	 ra�nwater	 �s	 reta�ned	
�n	the	urban	area,	and	so	urban	water	courses	somet�mes	qu�ckly	become	
rag�ng	torrents	even	for	otherw�se	modest	ra�n	events.	In	th�s	sense,	urban	
flood�ng	can	be	cons�dered	a	spec�al	form	of	flash	flood�ng.	not	only	do	the	
rap�dly	r�s�ng	waters	threaten	the	l�ves	of	those	�n	them	at	the	t�me	or	who	
subsequently	dr�ve	�nto	the	water	courses	as	the	water	r�ses	rap�dly,	the	water	
can	become	qu�ckly	contam�nated	from	the	debr�s	that	accumulates	�n	the	
channels	between	�nfrequent	flush�ngs	of	these	urban	waterways.	In	some	
cases,	stormwater	runoff	can	enter	the	normal	sewage	system	and	result	�n	
the	release	of	untreated	sewage.	the	result	�s	a	threat	to	l�fe,	the	spread	of	
d�sease,	losses	of	h�gh-cost	property	and	�nfrastructure,	and	contam�nat�on	
of	the	water	supply.

•	 Wildfire at the wildland–urban interface:	At	the	per�phery	of	many	
urban	areas,	the	c�ty	blends	slowly	�nto	the	surround�ng	forests	and	grass-
lands.	 th�s	 �nterface	 reg�on	 can	 extend	 for	 many	 tens	 of	 k�lometers	 and	
conta�n	res�dences	and	small	bus�ness,	as	well	as	other	�nfrastructure.	these	
areas	 can	 be	 h�ghly	 suscept�ble	 to	 w�ldfire,	 pos�ng	 a	 d�rect	 threat	 to	 l�fe	
and	property	�n	the	urban	per�phery	but	also	�n	the	urban	core	(due	to	at-
mospher�c	d�spers�on	of	the	smoke,	result�ng	�n	resp�ratory	stress	and	also	
the	 d�srupt�on	 of	 veh�cular	 and	 ra�l	 transportat�on	 routes	 due	 to	 reduced	
v�s�b�l�ty).

•	 Air quality:	 Poor	 a�r	 qual�ty	 contr�butes	 to	 ser�ous	 health	 �ssues,	
espec�ally	�n	the	resp�ratory	system.	Although	there	have	been	decades	of	
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research	on	a�r	qual�ty	�n	urban	areas,	�mportant	research	quest�ons	rema�n	
regard�ng	pollutant	photochem�stry,	transport	and	d�spers�on,	as	well	as	the	
�nteract�ons	between	pollut�on	and	humans	that	cause	�llness	and	d�sease.

•	 Weather forecasting in support of urban emergency response:	th�s	
�s	a	part�cularly	challeng�ng	task.	such	support	requ�res	models	that	qu�ckly	
capture	essent�al	features	of	current	urban	temperature,	mo�sture,	and	w�nd	
fields;	generate	the	necessary	�nformat�on;	and	prov�de	pred�ct�ons	rap�dly	
to	 users.	 such	 �nformat�on	 then	 can	 be	 blended	 w�th	 other	 �nformat�on,	
such	as	traffic	flow,	locat�ons	of	emergency	response	assets,	cr�t�cal	assets	
or	dangerous	mater�als	at	 the	s�te	of	 the	emergency,	 to	prov�de	c�ty	 lead-
ers	w�th	the	full	p�cture	of	what	�s	needed	for	a	proper	response.	the	nRc	
recently	concluded	that	there	ex�st	cr�t�cal	gaps	�n	the	ab�l�ty	of	operat�onal	
emergency-response	 models	 (nRc,	 2003c),	 espec�ally	 �n	 observ�ng	 and	
prescr�b�ng	the	local	d�spers�on	env�ronment	and	�dent�fy�ng	and	quant�fy�ng	
the	source	term.

Urban Weather Testbeds

Urban	 testbeds	are	needed	 �n	c�t�es	w�th	w�dely	d�fferent	 annual	 cl�-
mates	and	sett�ngs	(topography;	water	bod�es)	to	conduct	the	research	neces-
sary	to	understand	the	phenomena	ment�oned	above,	to	test	observ�ng	and	
model�ng	techn�ques,	and	to	develop	and	test	products	and	serv�ces	under	
a	w�de	range	of	cond�t�ons.	However,	as	po�nted	out	by	M.	Ralph	(�n	Dab-
berdt	et	al.,	2005),	such	testbeds	are	much	more	than	just	a	phys�cal	fac�l�ty	
or	an	assembly	of	hardware	and	software:

A	 testbed	 �s	 a	 work�ng	 relat�onsh�p	 �n	 a	 quas�-operat�onal	 framework	
among	 measurement	 spec�al�sts,	 forecasters,	 researchers,	 pr�vate-sector,	
and	government	agenc�es	a�med	at	 solv�ng	operat�onal	and	pract�cal	 re-
g�onal	[�nsert	phenomenon	or	forecast	challenge]	problems	w�th	a	strong	
connect�on	 to	 the	 end	 users.	 outcomes	 from	 a	 testbed	 are	 more	 effec-
t�ve	observ�ng	systems,	better	use	of	data	�n	forecasts,	�mproved	serv�ces,	
products,	 and	 econom�c/publ�c	 safety	 benefits.	 testbeds	 accelerate	 the	
translat�on	of	R&D	find�ngs	�nto	better	operat�ons,	serv�ces,	and	dec�s�on-
mak�ng.	A	successful	testbed	requ�res	phys�cal	assets	as	well	as	long-term	
comm�tments	and	partnersh�ps.

Urban	 testbeds	would	develop,	 test,	and	br�ng	 together	 the	meteoro-
log�cal	and	soc�oeconom�c	aspects	 (see	chapter	2)	of	enhanc�ng	serv�ces	
to	metropol�tan	areas.	these	testbeds	would	be	charged	w�th	foster�ng	the	
necessary	bas�c	and	appl�ed	meteorolog�cal	and	 soc�oeconom�c	 research	
and	w�th	prov�d�ng	for	the	smooth	trans�t�on	of	research	find�ngs	to	opera-
t�ons.	cultural	�ssues,	such	as	how	to	commun�cate	effect�vely	to	the	often	
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very	d�verse	populat�on	 found	 �n	urban	areas,	also	requ�re	cons�derat�on.	
the	advantages	of	employ�ng	a	testbed	strategy	�nclude	effic�enc�es,	formal	
opportun�t�es	 to	 leverage	 earl�er	 results	 from	 other	 researchers	 and	 other	
research	act�v�t�es,	and	a	well-focused	R2o	m�ss�on.

Because	most	urban	areas	cons�st	of	many	d�fferent	government	un�ts	
and	bus�nesses,	urban	testbeds	would	need	to	engage	and	�nteract	w�th	a	
w�de	array	of	stakeholders.	A	un�que	aspect	of	the	urban	testbed	�s	the	strong	
emphas�s	on	�dent�fy�ng,	understand�ng,	and	commun�cat�ng	the	�mpacts	of	
urban	weather	on	people,	bus�nesses,	�nfrastructure,	w�ldl�fe,	and	the	natural	
env�ronment.	effect�ve	commun�cat�on	of	th�s	�nformat�on	�s	an	�mportant	
component	of	th�s	act�v�ty	(see	chapter	2).

operat�onal	 attr�butes	 of	 an	 effect�ve	 urban	 testbed	 �nclude	 the	
follow�ng:

•	 Location:	 Ideally	 �t	would	be	collocated	w�th	an	nWs	forecast	of-
fice,	and	w�th	easy	access	to	a	un�vers�ty	w�th	researchers	�n	meteorology,	
eng�neer�ng,	urban	and	reg�onal	plann�ng,	etc.	

•	 Archive:	As	ment�oned	 �n	chapter	3,	 the	 testbed	needs	 to	arch�ve	
both	the	full	set	of	observat�ons	and	record	cop�es	of	products	and	serv�ces	
produced.	such	data	are	essent�al	for	case	stud�es,	ver�ficat�on	of	forecasts,	
and	trend	analys�s.	the	arch�ve	would	also	be	useful	for	a	var�ety	of	urban	
and	bu�ld�ng	des�gn	act�v�t�es.

•	 Staffing:	the	testbed	would	be	staffed	w�th	an	�nterd�sc�pl�nary	team	
from	the	publ�c	sector,	academ�a,	and	�ndustry	that	�ncludes	observat�onal-
�sts,	modelers,	forecasters,	and	soc�oeconom�c	researchers	and	pract�t�oners;	
and	should	have	close	t�es	to	the	full	spectrum	of	users.	For	example,	soc�al	
sc�ent�sts	are	needed	 to	evaluate	 the	 �mpact	of	 focused	weather	products	
and	forecasts	on	dec�s�ons	by	those	l�v�ng	�n	the	urban	area,	from	the	c�ty	
management,	to	lead�ng	�ndustr�al	and	commerc�al	ent�t�es,	to	�nd�v�duals	
on	the	street,	and	to	those	at	home.	staff	should	be	fam�l�ar	w�th	and	draw	
up	un�que	local	env�ronmental	resources,	such	as	nearby	s�tes	of	the	U.s.	
Long	term	ecolog�cal	Research	network.11

An	extended,	mult�year	 per�od	of	 cont�nuous	 effort,	 punctuated	w�th	
�ntens�ve	observ�ng	and	forecast�ng	per�ods,	�s	env�s�oned	for	each	testbed.	
these	urban	weather	testbeds	have	two	major	areas	of	focus:	(1)	on	the	mea-
surement	and	pred�ct�on	of	meteorolog�cal	fields	and	phenomena	and	(2)	on	
assess�ng,	pred�ct�ng,	and	m�t�gat�ng	the	result�ng	soc�oeconom�c	�mpacts.

11	see	http://www.lternet.edu/.
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High-Impact Weather in the Urban Context 

Forecasters	and	researchers	need	to	work	w�th	local	government	agen-
c�es,	pr�vate	weather	prov�ders,	and	end	users	to	�dent�fy	and	pr�or�t�ze	the	
weather	serv�ces	and	products	needed	to	address	s�tuat�ons	w�th	h�gh-value/
cr�t�cal	�mpacts	(see	pr�or	d�scuss�on	of	VHI	weather).	these	pr�or�t�es	w�ll	
then	help	determ�ne	research	and	development	pr�or�t�es	�n	urban	weather	
model	development.	the	 testbed	would	be	an	act�ve	partner	 �n	 the	c�ty’s	
emergency	operat�ons	center	 (eoc),	promot�ng	 the	extens�on	of	 the	eoc	
to	cover	more	weather-related	phenomena.	An	example	�s	prov�ded	by	the	
shangha�	MHeWs,	wh�ch	 �s	a	demonstrat�on	project	of	 the	WMo	(tang,	
2006).

Observations and Measurements12

A	 key	 component	 of	 the	 urban	 testbed	 �s	 �ts	 meteorolog�cal	 and	 a�r	
qual�ty	 measurement	 network—the	 urban	 mesonet—wh�ch	 prov�des	 ob-
servat�ons	at	h�gh	spat�al	and	temporal	resolut�ons	from	the	urban	core	to	
the	surround�ng	h�nterland.	current	model�ng	and	observat�onal	expert�se	
does	not	perm�t	a	pr�or�	spec�ficat�on	of	an	opt�mal	measurement	network	
des�gn—that	�s,	the	spec�ficat�on	of	the	dens�ty	and	sampl�ng	attr�butes	of	
an	�ntegrated	su�te	of	 �n	s�tu	and	remote	sens�ng	systems.	that,	 �n	 fact,	 �s	
one	of	 the	pr�nc�pal	goals	of	 the	urban	 testbed.	the	commonly	accepted	
approach	 �s	 to	 oversample	 �n	 the	 testbed	 and	 use	 data	 den�al	 model�ng	
techn�ques	 to	 �dent�fy	 an	 opt�mal	 network	 des�gn	 (or	 mult�ple,	 opt�mum	
des�gns).	Data	from	the	urban	mesonet	then	prov�de	the	bas�s	for	a	number	
of	�mportant	act�v�t�es	�n	the	urban	testbed:	development	and	test�ng	of	data	
ass�m�lat�on	and	pred�ct�on	models;	model-ver�ficat�on	metr�cs;	and	appl�ca-
t�ons	where	the	observat�ons	themselves	support	var�ous	appl�cat�ons	(e.g.,	
cloud-to-ground	l�ghtn�ng	measurements	are	used	to	ascerta�n	 the	hazard	
to	a�rport	ramp	workers).	Lastly,	the	urban	testbed	�s	a	fert�le	env�ronment	
for	government	agenc�es	and	�ndustry	to	test	new	measurement	dev�ces	and	
sampl�ng	techn�ques	(such	as	the	value	of	alternat�ve	adapt�ve	and	targeted	
sampl�ng	strateg�es).

the	urban	mesonet	would	ut�l�ze	ex�stent	urban	�nfrastructure	wherever	
poss�ble	(e.g.,	commun�cat�on	towers	and	streetl�ght	and	traffic-l�ght	towers).	
observat�ons	from	tall	bu�ld�ngs,	commun�cat�on	towers,	and	remote	sens-
�ng	profilers	prov�de	essent�al	�nformat�on	on	vert�cal	atmospher�c	structure,	

12	the	spec�al	observ�ng	needs	of	the	urban	env�ronment	are	a	subset	of	the	�ssues	d�scussed	
�n	deta�l	�n	the	sect�on	on	Mesoscale	observat�ons	�n	chapter	3.
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such	as	lapse	rate,	w�nd	shear,	and	m�x�ng	depth.	the	network	m�ght	also	
�nclude	a	mob�le	component	w�th	�nstrumentat�on	on	selected	veh�cles:	c�ty	
ut�l�ty,	pol�ce,	fire,	and	emergency	response	veh�cles,	and	del�very	 trucks	
(e.g.,	 Fedex,	 UPs).	 new	 and	 ex�st�ng	 sensors	 w�ll	 need	 to	 be	 developed	
and	adapted,	respect�vely,	 for	 the	spec�al	case	of	 the	urban	street-canyon	
env�ronment.	extens�ve	and	frequently	updated	metadata	w�ll	be	needed	for	
each	observat�on	s�te	and	measurement	system.

the	urban	mesonet	would	not	only	measure	cond�t�ons	 �n	 the	urban	
core—a	major	challenge	g�ven	 the	complex	urban	 topography—�t	would	
also	measure	the	atmospher�c	state	over	a	doma�n	suffic�ently	extens�ve	to	
spec�fy	boundary	and	 �n�t�al	cond�t�ons	appropr�ate	 to	 the	 temporal	scale	
of	the	pred�ct�on	models.

Modeling

In	pr�nc�ple,	data	from	the	extended	urban	mesonet	would	be	ass�m�-
lated	�n	a	h�gh-resolut�on	mesoscale	numer�cal	pred�ct�on	model	(chapter	
3)	 and	 then	used	 to	 �n�t�al�ze	an	urban	numer�cal	pred�ct�on	model.	the	
urban	landscape	�s	an	extremely	rough	and	complex	surface,	one	that	makes	
�t	challeng�ng	 to	 represent	 �n	a	numer�cal	pred�ct�on	 system.	However,	 �t	
�s	essent�al	that	such	data	be	�ncorporated,	and	some	schemes	have	been	
developed	for	th�s	“urban	canopy”;	see,	for	example,	the	work	by	ch�n	et	
al.	(2005)	to	develop	and	evaluate	an	urban	canopy	parameter�zat�on	�n	a	
three-d�mens�onal	mesoscale	model	to	assess	the	�mpact	of	urban	roughness	
on	surface	boundary	layer	over	the	c�ty.

Model�ng	 the	 m�croscale	 a�rflows	 �n	 the	 street	 canyons	 between	 tall	
bu�ld�ngs	�s	a	part�cularly	challeng�ng	problem;	however,	pred�ct�ons	of	such	
w�nds	have	numerous	appl�cat�ons,	rang�ng	from	transport	of	mater�als	from	
a	tox�c	release,	to	operat�on	of	large-bu�ld�ng	HVAc	systems,	to	safety	and	
qual�ty-of-l�fe	 �ssues	 for	 pedestr�ans	 on	 the	 street.	 str�ctly	 speak�ng,	 such	
model�ng	could	be	addressed	v�a	computat�onal	flu�d	mechan�cs.	However,	
the	degree	of	complex�ty	needed	�n	models	for	such	s�tuat�ons	�s	a	funct�on	
of	both	the	quant�t�es	to	be	determ�ned	and	the	relevant	t�me	frames	�n	wh�ch	
they	 are	 to	 be	 made	 ava�lable.	 For	 example,	 european	 researchers	 have	
demonstrated	 that	 much	 useful	 knowledge	 about	 street-level	 cond�t�ons	
can	be	�nferred	through	the	use	of	relat�vely	s�mple	models,	wh�ch		.	op-
erat�onal	examples	are	be�ng	used	by	the	Un�ted	K�ngdom	Meteorolog�cal	
office	and	the	research	stud�es	by	the	env�ronmental	Pred�ct�on	�n	canad�an	
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c�t�es	 (eP�cc)13	 program;	 such	 efforts	 have	 demonstrated	 the	 feas�b�l�ty	
of	model�ng	at	the	street	scale	(Best	et	al.,	2006).	However,	recent	stud�es	
evaluat�ng	mult�ple	urban	land	surface	schemes,	as	reported	by	Gr�mmond	
et	al.	(2010),	have	documented	very	d�fferent	performances,	�nd�cat�ng	the	
need	for	more	research	and	development.

In	add�t�on	to	data	from	the	atmospher�c	measurement	network,	model	
�nput	 w�ll	 need	 to	 �nclude	 anthropogen�c	 fluxes	 of	 heat,	 mo�sture,	 and	
chem�cal	compounds.	A	compan�on	geograph�c	 �nformat�on	system	(GIs)	
database	�s	necessary	to	ma�nta�n	�nformat�on	on	fine-scale	land-cover	and	
bu�ld�ng-he�ght	data,	roadways	and	park�ng	surfaces,	bur�ed	�nfrastructure,	
so�l	and	vegetat�on	d�str�but�on,	the	urban	forest	canopy,	and	locat�on	data	
on	cr�t�cal	fac�l�t�es	such	as	hosp�tals	and	res�dent�al	areas.	Many	of	these	
quant�t�es	evolve	seasonally	and	change	on	a	t�mescale	of	weeks	to	months.	
A	GIs-based	land-surface	database	could	�nclude	processed,	gr�dded	data	
�nclud�ng	�mportant	�nput	parameters	used	�n	atmospher�c	and	hydrolog�c	
models,	such	as	roughness	length,	d�splacement	he�ght,	plan	area	dens�ty,	
slope,	so�l	type	and	vegetat�ve	cover.	In�t�al	efforts	have	been	made	to	gen-
erate	an	urban	database	for	var�ous	U.s.	c�t�es	w�th	the	emerg�ng	nat�onal	
Urban	Database	w�th	Access	Portal	tool14	project,	and	the	further	develop-
ment	of	such	a	database	would	be	a	h�gh	pr�or�ty.

Urban	pred�ct�ons	could	be	developed	us�ng	h�gh-resolut�on,	nested,	
nWP	models	w�th	advanced	data	ass�m�lat�on	schemes.	Adapt�ng	ex�st�ng	
models	and	upgrad�ng	them	w�th	h�gh-resolut�on,	�mproved	phys�cs	m�ght	
be	a	pract�cal	first	step.	Research	needs	ar�se	part�cularly	�n	test�ng	and	�m-
prov�ng	the	boundary-layer	and	surface	flux	parameter�zat�ons	used	�n	these	
models	because	they	were	not	des�gned	for	the	requ�red	model	resolut�ons	
and	urban	complex�t�es.	Representat�ons	for	the	urban	canopy	need	to	be	
developed	and	tested	aga�nst	observat�ons	on	the	appropr�ate	scales.	Devel-
opment	and	cont�nuous	�mprovement	of	such	models	w�ll	be	the	pr�mary	
thrust	of	the	urban	testbed.	these	�mproved	models	could	also	account	for	
the	surface	roughness	and	mod�ficat�ons	�n	the	rad�at�on	balance.	evaluat�on	
and	compar�sons	of	the	work	be�ng	done	�n	canada	(eP�cc)	and	europe15	
for	street-canyon	scale	pred�ct�ons	could	also	be	product�ve.

13	see	http://www.ep�cc.uwo.ca/.
14	see	http://www.nudapt.org/.
15	Megac�t�es:	em�ss�ons,	urban,	reg�onal	and	Global	Atmospher�c	PoLlut�on	(MeGAPoLI)	

and	cl�mate	effects,	and	 �ntegrated	 tools	 for	assessment	and	m�t�gat�on;	 see	http://megapol�.
dm�.dk/.
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Uniformity of Service

As	noted	prev�ously,	U.s.	urban	dwellers	and	 �nst�tut�ons	have	needs	
for	weather	�nformat�on	and	serv�ces	that	d�ffer	s�gn�ficantly	from	those	l�v-
�ng	�n	rural	areas.	It	�s	thus	worth	rev�s�t�ng	a	recommendat�on	made	some	
years	ago	by	carbone	(2000),	who	suggested	that	the	nWs	recons�der	�ts	
pol�cy	 of	 “un�form�ty	 of	 serv�ce.”	 serv�ce	 �s	 currently	 d�str�buted	 w�thout	
cons�derat�on	of	populat�on	dens�ty.	even	w�th	the	recent	sh�ft	by	the	nWs	
to	a	d�g�tal	gr�dded	forecast,	the	current	resolut�on	�s	st�ll	coarse,	w�th	only	
a	few	po�nts	per	county.	Also,	observ�ng	systems	are	more	or	less	un�formly	
d�str�buted,	 part�cularly	 where	 terra�n	 �s	 not	 an	 obstacle.	 As	 reported	 �n	
PDt–10,	carbone	suggests	a	d�fferent	v�ew;	he	argues	for	per	cap�ta	un�for-
m�ty	of	serv�ce,	rather	than	geograph�c	un�form�ty	of	serv�ce.	the	potent�al	
for	 weather-related	 soc�etal	 and	 econom�c	 d�srupt�on	 �n	 urban	 and	 rural	
forecast	zones	would	be	cons�dered	and	un�form�ty	could	then	be	based	on	
a	comparable	m�n�m�zat�on	of	d�srupt�ons	(Dabberdt	et	al.,	2000).	A	new	
approach	needs	to	be	cons�dered—one	that	focuses	an	�ncreased	level	of	
resources	and	serv�ces	on	where	the	major�ty	of	the	people	and	�nfrastructure	
are	to	be	found,	the	urban	areas.

Recommendation: The federal government, led by the National Oce-
anic and Atmospheric Administration, in concert with multiple public 
and private partners, should identify the resources needed to provide 
meteorological services that focus on where people live, beginning 
with a high-priority urban meteorology initiative to create infrastruc-
ture, products, and services tailored to the special needs of cities.

Although	noAA	should	be	the	lead	agency	�n	such	an	�n�t�at�ve,	�ts	
success	w�ll	requ�re	effect�ve	partnersh�ps	w�th	other	federal,	state,	and	
local	government	agenc�es,	academ�a,	and	the	pr�vate	sector,	as	well	as	
w�th	all	sectors	of	the	user	commun�ty,	both	publ�c	and	pr�vate.	Under	
the	 leadersh�p	of	noAA,	a	consort�um	of	nat�onal	and	local	partners	
should	establ�sh	a	small	number	of	urban	testbeds	 for	 the	purpose	of	
determ�n�ng	urban	user	needs	for	 ta�lored	meteorolog�cal	 �nformat�on	
and	then	develop�ng,	test�ng,	and	evaluat�ng	var�ous	observ�ng,	model-
�ng,	and	commun�cat�on	strateg�es	for	prov�d�ng	those	end	users	w�th	
an	effect�ve	su�te	of	soc�etally	relevant	and	cost-effect�ve	products	and	
serv�ces	to	meet	those	needs.	the	goal	of	such	testbeds	would	be	to	con-
duct	or	foster	the	necessary	bas�c	and	appl�ed	research	and	then	trans�-
t�on	 the	 research	find�ngs	 together	w�th	 the	pract�cal	 lessons	 learned	
�nto	operat�ons,	and	to	extend	these	capab�l�t�es,	appropr�ately	scaled,	
to	c�t�es	across	the	nat�on.
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WEATHER INFORMATION TO SUPPORT 
RENEWABLE ENERGy SITING AND PRODUCTION

The Challenge

the	product�on	of	energy	by	so-called	renewable	sources—pr�nc�pally	
water,	b�omass,	mun�c�pal	waste,	geothermal,	w�nd,	and	solar—�s	an	�ntegral	
part	of	the	challenge	to	reduce	rel�ance	on	foss�l	fuels,	ach�eve	a	mean�ngful	
measure	of	energy	�ndependence,	and	m�t�gate	global	warm�ng	by	anthropo-
gen�c	carbon	d�ox�de	em�ss�ons.	the	U.s.	energy	Informat�on	Agency	(eIA,	
2008a)	est�mates	that	the	max�mum	electr�c	power	consumed	domest�cally	
today	�s	about	2.1	tW	wh�le	globally	�t	�s	12.5	tW;	eIA	est�mates	that	by	
2030,	peak	domest�c	and	global	power	consumpt�on	w�ll	 r�se	 to	2.8	tW	
and	16.9	tW,	respect�vely,	 �f	 the	m�x	of	power	sources	does	not	change.	
However,	�f	the	world	sw�tched	to	renewable	sources	only,	then	accord�ng	to	
Jacobson	and	Delucch�	(2009),	the	peak	power	consumpt�on	�n	2030	would	
actually	drop	to	1.8	tW	�n	the	Un�ted	states	and	11.5	tW	globally	due	to	
the	�ncreased	effic�enc�es	of	d�rect	electr�c	power	product�on	and	usage.

Accord�ng	to	est�mates	of	the	Annual	energy	outlook	by	eIA	(2008a,	b),	
U.s.	electr�c�ty	generat�on	�n	2010	from	all	renewables	w�ll	be	a	small	but	
�mportant	fract�on—about	10.7	percent—of	total	domest�c	electr�c�ty	gen-
erat�on.	Hydropower	represents	the	largest	share	(60	percent)	of	electr�c�ty	
produced	domest�cally	from	renewable	sources,	followed	by	w�nd	(18	per-
cent),	b�omass	(12.4	percent),	mun�c�pal	waste	(4.7	percent),	and	geothermal	
(4.0	percent).	solar	energy	presently	contr�butes	less	than	1	percent	of	the	
electr�c�ty	generated	by	all	renewable	resources.	eIA	est�mates	that	desp�te	
the	large	contr�but�ons	from	these	sources	today,	there	w�ll	be	l�ttle	growth	�n	
electr�c�ty	generat�on	from	hydropower,16	geothermal,	and	mun�c�pal	waste	
over	the	next	two	decades	(the	extent	of	the	eIA	project�ons).	In	contrast	to	
other	renewable	energy	sources,	electr�c�ty	product�on	�n	the	Un�ted	states	
by	both	w�nd	and	solar	�s	grow�ng	rap�dly.	From	1990	to	2006,	w�nd	power	
product�on	 �ncreased	at	a	14	percent	compound	growth	 rate	 (23	percent	
from	1997	to	2006)	and	solar	product�on	from	on-	and	off-the-gr�d	sources	
(e.g.,	 res�dences	and	commerc�al	bu�ld�ngs)	grew	at	an	est�mated	30	per-
cent	compound	rate	from	2000	to	2008.	the	est�mated	annual	growth	rate	
from	2007	to	2030	�s	6.2	percent	for	w�nd	and	13.3	percent	for	solar.	eIA	
projects	 that	 �n	2030,	electr�c�ty	generat�on	 from	all	 renewable	 resources	

16	Hydrok�net�c	energy	product�on	from	t�des,	r�vers,	and	streams	�s	a	small	contr�butor	today,	
but	the	electr�c	Power	Research	Inst�tute	est�mates	(D�xon,	2008)	that	�t	could	produce	13	GW	
of	power	by	2025,	based	on	current	proposed	projects.
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w�ll	be	14	percent	of	the	total	electr�c�ty	generat�on	from	all	sources,	and	
that	renewable	resources	w�ll	have	accounted	for	28	percent	of	the	growth	
of	1	b�ll�on	k�lowatt-hours	 �n	projected	electr�c�ty	generat�on	s�nce	2010.	
And	�n	the	same	way,	w�nd	and	solar	w�ll	contr�bute	more	than	24	percent	
of	the	growth	�n	generat�on	by	all	renewable	resources.

compared	 to	 foss�l	 fuels,	 most	 renewable	 resources	 d�ffer	 �n	 several	
ways:	 they	 cannot	 be	 transported	 to	 where	 the	 power	 they	 generate	 �s	
needed;	the�r	energy	dens�ty	�s	low	(and	so	they	must	occupy	large	tracts	of	
land);	for	many,	the	fuel	�s	free;	and	most	are	weather	dependent	(d�rectly	
or	�nd�rectly).	By	the	same	token,	�mprovements	�n	weather	pred�ct�on	w�ll	
enable	effic�enc�es	�n	generat�on	or	gr�d	operat�ons.	Improvements	�n	hydro-
log�c	forecasts	w�ll	lead	to	some	�mprovements	�n	hydropower	product�on	
and	management,	and	b�omass	y�elds	may	be	�ncreased	w�th	more	accurate	
weather	pred�ct�ons.	However,	�n	the	case	of	w�nd	and	solar	generat�ng	sys-
tems,	there	are	weather	dependenc�es	and	uncerta�nt�es	that	pose	s�gn�ficant	
challenges	to	the�r	�ntegrat�on	�n	a	product�on	and	d�str�but�on	system	that	
must	prov�de	stable,	pred�ctable,	and	rel�able	electr�c	power.	these	chal-
lenges,	�n	turn,	define	an	emerg�ng	set	of	pr�or�t�es	for	weather	research	and	
the	trans�t�on	of	find�ngs	and	results	�nto	operat�ons,	and	are	the	bas�s	for	
the	follow�ng	d�scuss�ons.

Wind Energy

W�nd	energy	today	prov�des	less	than	1	percent	of	the	domest�c	supply	
of	electr�c�ty.	At	the	end	of	2007,	the	Un�ted	states	was	ranked	second	�n	
the	world	w�th	an	�nstalled	capac�ty	of	16.8	GW	(~18	percent	of	global	
total),	but	w�nd	power	generat�on	 �s	grow�ng	 rap�dly	 (F�gure	4.3)	 �n	 the	
Un�ted	states	wh�ch	led	the	world	�n	new	capac�ty	�nstalled	�n	2007	w�th	
5.2	GW.	the	Department	of	energy	(eIA,	2008a)	�s	explor�ng	the	feas�b�l-
�ty	 of	 �ncreas�ng	 to	 20	 percent	 (300	 GW)	 the	 total	 amount	 of	 domest�c	
power	produced	from	w�nd	�n	2030.	Apart	from	the	pract�cal	challenges	of	
�ncreas�ng	w�nd-generat�ng	capac�ty	more	than	20-fold	�n	20	years,	there	
�s	a	host	of	weather-related	research	and	operat�onal	challenges	that	w�ll	
need	to	be	met	�n	order	to	ult�mately	prov�de	power	that	�s	rel�able	and	
pred�ctable.	these	challenges	perta�n	to	w�nd	turb�ne	des�gn	and	opera-
t�on,	w�nd	energy	explorat�on	and	w�nd	plant	s�t�ng	and	des�gn,	and	the	
long-term	 challenges	 of	 w�nd	 resource	 changes	 �n	 a	 chang�ng	 cl�mate.	
L�ke	so	many	of	the	other	weather	research	and	R2o	pr�or�t�es	�dent�fied	
throughout	th�s	study,	those	perta�n�ng	to	w�nd	energy	also	�nvolve	both	
observat�ons	and	model�ng.
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FIGURE 4.3 Estimates of (a) electricity generation from renewable resources and (b) their projected annual 
average growth rates. Electricity generation from renewable resources represents a small yet significant and 
rapidly growing fraction of U.S. electricity generation, which totaled 4,200 billion kilowatt-hours in 2010. 
The estimate of 450 billion kilowatt-hours produced by renewables is 10.7 percent of the total domestic 
generation in 2010 and increases to 14.0 percent in 2030. Renewables include six disparate resource types, 
most of which have some weather dependencies. Wind and solar differ from the others in a very important 
respect; their electricity generation can be highly variable, which in turn places demands on other energy 
sources to ensure a stable and predictable energy supply. SOURCE: These figures are derived from data 
contained in the 2009 Annual Energy Outlook produced by the Energy Information Agency (EIA, 2008a,b) 
and cited in the America’s Energy Future study report (NRC, 2010).
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the	newest	generat�on	of	w�nd	turb�nes	have	blades	that	sweep	out	an	
area	of	up	to	126	m	�n	d�ameter	and	produce	up	to	6	MW	of	power	(GWec,	
2009).	Most	w�nd	turb�nes	typ�cally	operate	at	w�nd	speeds	�n	the	range	of	
about	4	to	25	m	s−1,	although	the	newer	models	(Vestas	corp.,	2009)	are	
projected	 to	have	a	 threshold	 speed	of	 about	3	m	 s−1.	offshore	 turb�nes	
tend	 to	be	 larger	and	generate	more	power	 (up	 to	5	 to	6	MW)	ow�ng	 to	
the	h�gher	�nstallat�on	and	ma�ntenance	costs,	and	the	subsequent	goal	of	
generat�ng	equ�valent	power	w�th	fewer	systems.	Land-based	w�nd	turb�nes	
have	stab�l�zed	�n	the	range	of	1.5	to	3	MW,	wh�ch	enables	econom�es	of	
scale	�n	product�on	costs.	Modern	turb�nes	are	able	to	control	the�r	power	
output	by	chang�ng	the	angle	of	the�r	blades	to	the	w�nd	(p�tch	control),	by	
turn�ng	 (yaw�ng)	 �n	 response	 to	w�nd	d�rect�on	changes,	and	operat�ng	at	
var�able	speed	(enabl�ng	�t	to	synchron�ze	w�th	the	operat�on	of	the	electr�c	
gr�d).	For	obv�ous	reasons,	w�nd	park	revenues	are	very	sens�t�ve	to	w�nd	
speed	but	the	actual	sens�t�v�ty	�s	enl�ghten�ng:	a	d�fference	of	1	m	s−1	�n	the	
annual	average	w�nd	resource	can	result	�n	an	annual	revenue	d�fferent�al	
of	about	$1	m�ll�on	for	a	200-MW	w�nd	park.

the	weather-related	 research	and	R2o	needs	of	 the	w�nd	energy	 �n-
dustry	have	 recently	been	d�scussed	and	documented	by	a	 January	2008	
commun�ty	workshop	organ�zed	by	Doe	(2008)	and	an	August	2009	com-
mun�ty	meet�ng	organ�zed	by	the	Amer�can	Meteorolog�cal	soc�ety	(AMs,	
2010).	each	event	brought	together	more	than	120	atmospher�c	sc�ent�sts	
and	w�nd	energy	eng�neers	from	the	publ�c,	pr�vate,	and	academ�c	sectors.	
th�s	report	draws	heav�ly	on	the	recommendat�ons	from	both	events.	Wh�le	
the	generat�on	and	del�very	of	electr�c	power	�s	the	role	of	the	pr�vate	sec-
tor,	the	challenge	of	prov�d�ng	secure	and	susta�nable	energy	�s	a	nat�onal	
pr�or�ty	 that	 �nvolves	 federal,	state,	mun�c�pal,	and	reg�onal	agenc�es	and	
the	 �ntramural	and	extramural	 research	efforts	 that	 they	 support.	expand-
�ng	Amer�ca’s	electr�c�ty	generat�on	capac�ty	us�ng	renewable	resources	�s	
closely	l�nked	to	our	nat�on’s	emerg�ng	cl�mate	change	m�t�gat�on	pol�cy17	
as	electr�c�ty	generat�on	from	w�nd,	solar,	geothermal,	and	hydro	resources	
leaves	v�rtually	no	carbon	footpr�nt	(notw�thstand�ng	the	carbon	em�ss�ons	
that	result	from	the	manufacture	of	the	w�nd	turb�nes	and	other	renewable	
energy	systems).

17	For	example,	the	Kerry-L�eberman	b�ll	calls	for	a	17	percent	cut	�n	em�ss�ons	below	2005	
levels,	by	2020,	w�th	 the	em�ss�on	 l�m�ts	apply�ng	 �n	d�fferent	ways	 to	power	plants,	petro-
leum	 refiners,	 and	 trade-sens�t�ve	manufacturers.	 see	http://kerry.senate.gov/�mo/med�a/doc/	
APAb�ll3.pdf.
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Exploration

Assess�ng	the	w�nd	energy	resource	requ�res	quant�fy�ng	the	d�str�but�on	
of	w�nd	speed	(and	vert�cal	shear)	as	a	funct�on	of	locat�on,	t�me,	and	he�ght.	
At	present,	the	number	of	surface	weather	stat�ons	�n	the	cont�nental	Un�ted	
states	(conUs)	that	mon�tor	w�nd	�s	about	30,000,	wh�ch	y�elds	an	average	
of	about	one	stat�on	per	100	km2.	Unfortunately,	the�r	spat�al	d�str�but�on	�s	
heav�ly	b�ased	aga�nst	the	areas	that	have	the	greatest	w�nd	energy	poten-
t�al.	Further,	there	�s	very	l�ttle	�nformat�on	on	vert�cal	shear—there	are	only	
about	125	boundary-layer	w�nd	profilers	�n	conUs	(and	these	are	not	s�ted	
for	w�nd	energy	assessment)	and	about	100	rad�osonde	stat�ons	that	make	
tw�ce-da�ly	sound�ngs	of	w�nds	and	state	var�ables	(aga�n,	these	are	not	well	
s�ted	for	w�nd	explorat�on).	Although	not	measured	w�dely,	w�nd	shear	�s	an	
�mportant	factor	�n	w�nd	turb�ne	des�gn	and	operat�on.

Wind Turbine Design

W�nd	turb�nes	must	be	des�gned	to	operate	�n	a	very	turbulent	w�nd	en-
v�ronment	for	at	least	20	years	accord�ng	to	the	standards	of	the	Internat�onal	
electrotechn�cal	comm�ss�on	(Iec).	W�nd	turb�nes	must	operate	w�th	loads	
that	are	the	result	of	 the�r	own	�nert�al	effects,	as	well	as	 from	the	spat�al	
and	temporal	changes	�n	w�nd	speed,	d�rect�on,	shear,	and	vort�c�ty.	these	
loads	have	�ncreased	as	w�nd	turb�nes	have	become	larger	and	because	they	
were	be�ng	�nstalled	at	many	locat�ons	that	are	�ntr�ns�cally	very	turbulent.	
As	d�scussed	by	Veers	and	Butterfield	(2001),	w�nd	turb�ne	fa�lures	have	been	
caused	by	�naccurate	est�mat�on	of	des�gn	loads,	wh�ch	mandated	analys�s	
and	pred�ct�on	techn�ques	that	y�eld	more	deta�l	�n	the	�nflow—both	�n	the	
und�sturbed	amb�ent	flow	and	�n	the	wake	of	upw�nd	turb�nes.

Deta�led	structural	dynam�c	models	have	subsequently	been	developed	
that	�nclude	turbulence	models	(that	s�mulate	the	stochast�c	�nflow	fields),	
aerodynam�c	 models	 (that	 pred�ct	 aerodynam�c	 loads	 from	 the	 turbulent	
�nflow),	and	turb�ne	control	algor�thms	(that	control	turb�ne	p�tch,	yaw,	and	
brak�ng	act�ons).	these	load	analyses	and	pred�ct�ons	are	espec�ally	chal-
leng�ng	as	they	need	to	capture	not	only	the	“normal”	w�nd	and	turbulence	
character�st�cs	of	the	flow	field,	but	also	those	result�ng	from	external	me-
teorolog�cal	cond�t�ons	(apart	from	class�c	surface-layer	theory),	and	terra�n	
effects	at	a	w�de	range	of	s�tes.	espec�ally	�mportant	are	the	rare	events	that	
can	�mpose	extreme	loads	on	the	system.

In	 th�s	way,	 load	pred�ct�ons	need	to	cons�der	a	w�de	range	of	atmo-
spher�c	cond�t�ons.	Because	of	the�r	large	length,	w�nd	turb�ne	blades	are	
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exposed	to	var�able	stresses	throughout	a	s�gn�ficant	fract�on	of	the	lowest	
reg�on	of	the	atmospher�c	planetary	boundary	layer	(PBL)	where	w�nd	shear	
and	 turbulence	are	 typ�cally	most	 severe.	At	n�ght	when	 the	PBL	can	be	
very	shallow	(50	to	100	m),	the	lower	part	of	the	blades	can	be	exposed	to	
stable	cond�t�ons	w�th	l�ttle	mechan�cal	turbulence	but	strong	vert�cal	w�nd	
shear	�n	both	speed	and	d�rect�on.	At	the	same	t�me,	the	upper	reaches	of	
the	blades	can	rotate	through	(and	above)	the	capp�ng	PBL	�nvers�on	where	
shear	and	turbulence	can	both	be	s�gn�ficant.	the	nonhomogeneous	nature	
of	 the	 env�ronment	 �n	 wh�ch	 the	 turb�ne	 operates	 can	 place	 s�gn�ficant	
mechan�cal	stresses	on	the	turb�ne	blades	and	gearbox.	In	add�t�on	to	the	
natural	 stresses	 from	 amb�ent	 cond�t�ons,	 the	 w�nd	 turb�nes	 are	 exposed	
to	wake	turbulence	created	by	ne�ghbor�ng	turb�nes	w�th�n	the	w�nd	park.	
these	cond�t�ons	place	demands	on	the	des�gn	of	the	w�nd	turb�ne	that,	�n	
turn,	requ�res	deta�led	knowledge	of	the	mean	and	turbulent	flow	cond�t�ons	
throughout	the	w�nd	park	that	can	only	be	ach�eved	through	a	comb�nat�on	
of	representat�ve	local	observat�ons	and	numer�cal	model�ng.

obta�n�ng	rel�able	summary	data	on	the	role	of	weather	(w�nd,	turbu-
lence,	�c�ng,	temperature,	and	l�ghtn�ng)	on	the	fa�lure	of	w�nd	turb�nes	�n	
general	and	spec�fic	subassembl�es	�s	d�fficult.	often	the	cause	of	the	fa�lure	
�s	not	known	or	�s	not	released	for	propr�etary	reasons.	But	there	are	some	
stud�es	that	summar�ze	the	fa�lure	rates	(w�thout	causal	attr�but�on)	for	w�nd	
turb�ne	systems	and	the�r	var�ous	subassembl�es.	tavner	et	al.	(2008)	prov�de	
a	valuable	overv�ew	of	the	rel�ab�l�ty	of	w�nd	turb�ne	systems	based	on	an	
analys�s	of	more	than	6,000	w�nd	turb�nes	�n	Denmark	and	Germany	that	
have	been	 �n	operat�on	 for	11	years.	they	 found	 fa�lure	 rates	 for	var�ous	
subassembl�es	of	1	MW	turb�nes	ranged	from	about	0.05	to	0.5	fa�lures	per	
turb�ne	subassembly	per	year.	the	h�gher	rates	occurred	w�th	the	electr�cal	
systems	and	 the	 rotors	 (blades	 and	hub)	wh�le	 gearboxes	had	 the	 lowest	
fa�lure	rate.	they	also	 found	fa�lure	rates	 �ncreased	w�th	 turb�ne	s�ze,	but	
that	fa�lure	rates	had	decreased	over	t�me	(F�gure	4.4).

Wind Plant Architecture

It	has	long	been	known	that	the	long�tud�nal	and	lateral	spac�ng	of	�n-
d�v�dual	w�nd	turb�nes	strongly	�nfluences	the	power	generat�ng	effic�ency	
of	the	w�nd	farm.	If	the	w�nd	turb�nes	are	placed	too	close	together,	there	
w�ll	be	a	reduct�on	�n	the	output	of	all	downw�nd	turb�nes	due	to	the	wake	
veloc�ty	defic�ts	of	the	upw�nd	turb�nes.	Plac�ng	the	turb�nes	too	far	apart	
reduces	 the	 number	 of	 turb�nes	 �n	 the	 w�nd	 farm	 and	 thus	 reduces	 the	
amount	of	 energy	 that	 can	be	 generated	per	 un�t	 area	of	 the	w�nd	 farm.	
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FIGURE 4.4  Wind turbine failure rates (failures per turbine per year), based on an analysis of over 10,000 
wind turbines in operation over 15 years. Most of the data come from turbines in Denmark and Germany, 
although an early data point (1987) comes from the Electric Power Research Institute (EPRI) in the United 
States. Compared to the 1987 EPRI datum, there has been an order of magnitude improvement in failure 
rates through 2004. However, the improvement since 1993 is less. Also shown are comparable failure rates 
for steam turbine generators, which have lower failure rates (around 0.2), combined-cycle gas turbines 
that have comparable failure rates (~1), and diesel generators that have higher failure rates (~2). SOURCE: 
Tavner et al. (2007).

Both	of	these	effects	negat�vely	�nfluence	the	cost	and	effic�ency	of	the	w�nd	
farm	and	the	power	�t	can	generate.	Recent	stud�es	(e.g.,	Werle,	2008)	have	
demonstrated	 that	 even	 w�th	 the	 relat�vely	 large	 long�tud�nal	 and	 lateral	
separat�on	d�stances	of	seven	turb�ne-blade	d�ameters,	downw�nd	turb�nes	
w�ll	somet�mes	del�ver	only	about	65	percent	of	the	power	generated	by	the	
upw�nd	turb�ne.	therefore,	opt�m�z�ng	the	layout	of	the	turb�nes	�n	a	w�nd	
farm	�s	cr�t�cal.

the	problem	of	w�nd	 farm	configurat�on	 �s	 further	compl�cated	by	 the	
effects	of	local	topography.	often	the	areas	w�th	the	h�ghest	w�nd	potent�al	
are	those	offshore	as	well	as	onshore	locat�ons	w�th	terra�n	rel�ef.	Both	types	
of	 s�tes	 can	 present	 spec�al	 aerodynam�c	 challenges	 to	 the	 layout	 of	 the	
w�nd	farm.	offshore	s�tes	are	typ�cally	�mpacted	by	sea	breeze	c�rculat�ons,	
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t�me-var�able	surface	fr�ct�on	effects,	and	stable	cond�t�ons	through	the	lower	
boundary	layer.	W�nd	farms	�n	areas	of	terra�n	rel�ef	are	subject	to	locally	gener-
ated	mechan�cal	turbulence.	In	both	cases,	�t	�s	�mportant	to	also	cons�der	the	
spat�al	var�ab�l�ty	of	w�nd	and	turbulence	across	the	w�nd	park.	such	knowl-
edge	cannot	be	ga�ned	from	amb�ent	w�nd	observat�ons	alone,	and	advanced	
computat�onal	flu�d	dynam�cs	 (cFD)	and	 large-eddy	s�mulat�on	models	are	
needed	to	locate	the	w�nd	turb�nes	w�th�n	the	w�nd	farm	�n	order	to	m�n�m�ze	
wake	effects	 from	adjacent	w�nd	 turb�nes.	Models	 are	 also	 �nstrumental	 �n	
opt�m�z�ng	the	locat�ons	of	meteorolog�cal	observ�ng	s�tes,	wh�ch	�n	turn	can	
prov�de	data	ass�m�lated	by	the	models.

Operations

the	effect�ve	operat�on	of	a	w�nd	park	requ�res	w�nd	forecast	�nforma-
t�on	on	d�fferent	t�mescales	and	across	the	spat�al	doma�n	of	the	w�nd	park	
(many	 of	 wh�ch	 span	 hundreds	 of	 square	 k�lometers	 of	 spat�ally	 vary�ng	
topography).	 Forecasts	 on	 the	 0-	 to	 48-hour	 t�mescale	 are	 �mportant	 for	
determ�n�ng	the	amount	of	w�nd	energy	that	can	be	prov�ded	by	the	w�nd	
park,	and	also	determ�n�ng	how	much	energy	w�ll	need	 to	be	purchased	
from	convent�onal	 foss�l	energy	sources.	As	w�nd	parks	become	 larger	or	
are	aggregated	onto	the	electr�c	gr�d,	the�r	sens�t�v�ty	to	w�nd	var�at�ons	and	
to	w�nd-forecast	accuracy	�s	lessened	to	a	degree.

on	 the	other	hand,	w�nd	park	operat�ons	are	very	 suscept�ble	 to	 so-
called	w�nd	ramp	events,	wh�ch	are	abrupt,	major	changes	�n	w�nd	speed	
over	 a	 relat�vely	 short	 per�od	of	 t�me	 (one	 s�mple,	 quant�tat�ve	defin�t�on	
refers	to	a	w�nd	power	change	≥50	percent	over	an	�nterval	of	≤4	hours).	
the	problem	of	“w�nd	�ntegrat�on”	�s	a	s�gn�ficant	operat�onal	obstacle	fac-
�ng	w�nd	energy	product�on.	the	term	refers	to	the	measures	energy	system	
operators	must	take	when	w�nds	change	rap�dly	(w�nd	ramp	events),	caus�ng	
a	sudden	�ncrease	or	decrease	�n	w�nd	power	generated	by	turb�nes.	electr�c	
ut�l�ty	compan�es	usually	have	a	spec�fic	generat�on	configurat�on	cons�st�ng	
of	a	m�x	of	coal,	o�l,	gas,	hydro,	w�nd,	and	nuclear	power.	When	w�nds	p�ck	
up,	the	amount	of	power	generated	by	the	w�nd	turb�nes	�ncreases	rap�dly,	
caus�ng	excess	power	 to	be	 �njected	 �nto	 the	generat�on	system.	Because	
the	system	�s	not	capable	of	handl�ng	endless	amounts	of	power,	the	ut�l�ty	
company	must	qu�ckly	ramp	down	generat�on	from	the	w�nd	turb�nes	(some	
w�nd	 turb�nes	are	able	 to	have	 the�r	 rotat�onal	speed	controlled)	or	 ramp	
down	other,	convent�onal	sources	and	route	excess	electr�c�ty	to	ne�ghbor-
�ng	ut�l�t�es.	In	the	case	when	the	w�nds	may	abruptly	decrease,	the	result	
�s	a	sudden	need	to	�mport	power	and	turn	gas	turb�nes	on	qu�ckly,	often	
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�n	m�nutes.	to	m�t�gate	the	potent�al	for	a	ramp-up	requ�rement,	operat�ng	
ut�l�t�es	 often	 keep	 a	 sp�nn�ng	 reserve	 of	 gas	 turb�ne	 generators	 runn�ng	
ready	to	fill	the	power	gap.	th�s,	however,	�s	not	an	�deal	solut�on	because	
the	 sp�nn�ng	 reserve	 �ncreases	 the	 cost	 of	w�nd	power	 and	can	decrease	
potent�al	carbon	sav�ngs.	there	are	also	costs	assoc�ated	w�th	slowly	cycl�ng	
w�nds	when	convent�onal	 thermal	 (coal)	un�ts	are	 ramped	up	and	down;	
�n	these	cases,	there	are	excess�ve	wear-and-tear	costs	on	the	thermal	un�ts	
than	can	be	apprec�able.

W�nd	�ntegrat�on	costs	are	d�fficult	to	est�mate	and	are	not	s�mply	the	
d�fferent�al	 between	 operat�ons	 w�th	 and	 w�thout	 w�nd-generated	 power	
(M�ll�gan	and	K�rby,	2008).	In	the�r	analys�s,	they	present	the	example	of	a	
system	that	has	suffic�ent	capac�ty	to	meet	a	fast	ramp,	but	�n	order	to	meet	
the	ramp,	a	peak�ng	un�t	must	be	ut�l�zed.	 In	 th�s	case,	 the	baseload	un�t	
has	an	energy	pr�ce	of	$10/MWh,	but	�s	unable	to	�ncrease	output	qu�ckly	
enough	 to	meet	 the	 ramp.	A	peak�ng	un�t	 �s	brought	onl�ne	at	a	pr�ce	of	
$90/MWh	to	meet	the	ramp.	If	the	marg�nal	un�t	sets	the	energy	pr�ce	�n	a	
market,	the	energy	pr�ce	r�ses	dur�ng	the	ramp�ng	per�od	because	the	onl�ne	
base	un�t	�s	not	flex�ble	enough.	Had	the	ramp	been	susta�ned	dur�ng	a	lon-
ger	per�od	of	t�me,	the	base	un�t	could	have	met	the	ramp	requ�rement,	and	
the	energy	pr�ce	would	have	rema�ned	at	$10/MWh.	th�s	example	po�nts	
out	that	ramp�ng	can	be	extracted	(at	a	h�gh	pr�ce)	from	the	energy	market.	
Further,	 �n	a	 system	w�th	 s�gn�ficant	w�nd	penetrat�on,	 the	 ramp	scenar�o	
can	be	exacerbated,	necess�tat�ng	even	more	ramp�ng	capab�l�ty	at	an	even	
h�gher	pr�ce.	M�ll�gan	and	K�rby	 (2008)	 further	argue	 that	 “pool�ng	 loads	
and	resources	 �nto	a	 larger	balanc�ng	area	holds	 the	prom�se	of	allow�ng	
add�t�onal	w�nd	to	be	�ntegrated	�nto	the	system	at	lower	cost.”

to	help	m�t�gate	the	w�nd	ramp/�ntegrat�on	problem,	there	�s	a	press�ng	
need	to	develop	very	short-range	nWP	and	nowcast�ng	methods	that	can	
rel�ably	pred�ct	w�nd	ramp	events	on	the	30-m�nute	to	6-hour	t�me	frame.	
Prov�d�ng	accurate	and	rel�able,	cost-effect�ve	forecasts	(w�th	equ�valently	
low	false	alarm	rates)	of	the	onset,	durat�on,	and	magn�tude	of	w�nd	ramp	
events	 that	 are	 spec�fic	 to	 the	 locat�on	 of	 w�nd	 farms	 may	 be	 the	 s�ngle	
most	press�ng	contemporary	meteorolog�cal	need	�n	support	of	w�nd	power	
operat�ons.

Need for Improved Meteorological Observations

Meteorolog�cal	observat�ons—pr�mar�ly	w�nd	and	turbulence,	but	also	
temperature—are	requ�red	to	a�d	�n	w�nd	park	assessment,	s�t�ng,	and	des�gn	
and	 to	assess	 the	performance	of	 �nd�v�dual	w�nd	 turb�nes.	they	are	also	
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needed	to	�n�t�al�ze	nWP	models	and	for	data	ass�m�lat�on	models	that	en-
hance	model	performance.	they	are	also	requ�red	to	assess	(val�date)	model	
performance	under	d�fferent	meteorolog�cal	and	topograph�c	reg�mes.	Me-
teorolog�cal	observat�ons	are	also	necessary	for	very	short-range	pred�ct�on	
(�.e.,	nowcast�ng)	of	w�nd	changes	on	the	0-	to	2-hour	t�mescale.	Because	
of	 the	 s�gn�ficant	 vert�cal	 extent	of	 large	w�nd	 turb�nes	and	 the	effects	of	
w�nd	shear	and	turbulence,	�t	�s	essent�al	to	have	deta�led	knowledge	of	the	
mean	and	turbulent	structure	of	the	PBL	(and	beyond,	�n	some	cases),	up	
to	he�ghts	of	about	0.5	km	above	the	land	or	water	surface.	Vert�cal	profiles	
need	to	be	h�ghly	resolved	both	�n	space	(5-	to	10-m	he�ght	resolut�on)	and	
t�me	(on	the	order	of	5	m�nutes).

In	some	cases,	research	and	development	�s	needed	to	develop	mea-
surement	systems	that	better	meet	 the	needs	of	 the	w�nd	energy	 �ndustry.	
In	part�cular,	remote	sens�ng	w�nd	profilers—opt�cal	or	ultrah�gh	frequency	
(UHF)—are	 needed	 to	 prov�de	 long-term	 and	 h�gh-resolut�on	 profiles	 of	
vector	veloc�t�es	up	to	300	to	500	m.	they	need	to	be	cost-effect�ve	as	well:	
affordable,	easy	to	�nstall	and	ma�nta�n,	and	suffic�ently	robust	to	operate	
unattended	for	years.

the	current	state	of	mesoscale	observat�ons	�s	�nadequate	to	support	
the	h�gh-resolut�on	model�ng	needs	of	the	w�nd	energy	�ndustry	to	pred�ct	
w�nd	energy	at,	and	w�th�n,	w�nd	parks.	th�s	w�ll	requ�re	dense	arrays	of	
surface	 observat�ons	 (both	 w�nd	 and	 state	 var�ables)	 both	 for	 nowcast-
�ng	and	moderately	dense	arrays	for	mesoscale	nWP	model�ng,	but	also	
remote	sens�ng	profilers	to	adequately	character�ze	w�nd	and	turbulence	
through	the	PBL.	the	ab�l�ty	to	spec�fy	the	deta�ls	of	 the	des�gn	of	these	
networks	 �s	 �nadequate,	 and	 that	 also	 �s	 a	 research	 area	 requ�r�ng	 h�gh	
pr�or�ty.	the	mesoscale	observ�ng	�ssues	and	needs	d�scussed	�n	chapter	
3	would	well	serve	the	needs	of	the	w�nd	energy	enterpr�se.	there	�t	was	
recommended	that	hum�d�ty,	w�nd,	and	d�urnal	boundary-layer	structure	
profiles	are	the	h�ghest	pr�or�ty	for	a	nat�onal	mesoscale	network,	the	s�tes	
for	 wh�ch	 need	 to	 have	 a	 character�st�c	 spac�ng	 of	 approx�mately	 150	
km	but	could	vary	between	50	and	200	km	based	on	reg�onal	cons�der-
at�ons.	Because	the	most	�mportant	t�mescales	for	m�t�gat�ng	ramp	events	
�s	short—less	 than	1	hour—�t	can	be	est�mated	from	taylor’s	hypothes�s	
that	nowcast�ng	a	ramp	event	w�th	a	15	m	s−1	w�nd	speed	requ�res	w�nd	
observat�ons	about	55	km	upstream,	wh�ch	�s	cons�stent	w�th	the	prev�ous	
recommendat�on.	the	recommended	profiler	network	would,	of	course,	
also	be	�nvaluable	for	produc�ng	�mproved	nWP	pred�ct�ons	of	many	w�nd	
ramp	events	on	longer	t�mescales.
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Need for Improved Modeling

A	h�erarchy	of	models,	each	s�mulat�ng	a	range	of	spat�al	scales,	�s	re-
qu�red	to	address	the	var�ous	w�nd-dependent	aspects	of	w�nd	turb�ne/park	
des�gn	and	operat�on,	�nclud�ng	the	follow�ng:

•	 cFD	models	are	needed	to	spec�fy	turbulence	features	at,	and	down-
w�nd	of,	�nd�v�dual	turb�nes	and	assess	the	flow	�nteract�ons	among	adjacent	
turb�nes.

•	 H�gh-resolut�on	atmospher�c	(�nclud�ng	large	eddy	s�mulat�on)	mod-
els	are	needed	for	the	purpose	of	descr�b�ng	the	turbulent	flow	character�st�cs	
and	structure	of	the	amb�ent	PBL	and	�nteract�ons	w�th	turbulent	wakes	from	
�nd�v�dual	w�nd	turb�nes	and	large	arrays	of	turb�nes.

•	 H�gh-resolut�on	mesoscale	models	(gr�d	resolut�on	of	0.5	to	1.0	km)	
are	requ�red	 to	assess	 the	w�nd	energy	potent�al	 (for	prospect�ng	appl�ca-
t�ons)	of	 reg�ons	up	 to	103	km	�n	scale.	they	are	also	needed	 to	 forecast	
the	 w�nd	 energy	 that	 can	 be	 prov�ded	 by	 a	 g�ven	 w�nd	 park—�nclud�ng	
var�at�ons	w�th�n	the	park—over	forecast	per�ods	of	48	to	72	hours.	For	the	
latter	purpose,	ensemble	pred�ct�ons	w�ll	a�d	 �n	determ�n�ng	 the	 range	of	
w�nd	power	output	 that	can	be	ant�c�pated,	wh�ch	 �s	useful	 for	assess�ng	
the	need	for	alternat�ve	power	sources.	nowcast�ng	algor�thms	are	needed	
to	prov�de	rel�able	pred�ct�ons	of	very	short-range	changes	�n	the	w�nd	field	
up	to	2	hours.

Need for Improved Collaborations

In	sp�te	of	the	commonal�t�es	and	feedbacks	among	research	challenges	
�n	the	four	key	areas—turb�ne	dynam�cs,	s�t�ng	and	array	effects,	mesoscale	
processes,	and	effects	of	a	chang�ng	cl�mate—research	�n	any	one	area	has	
largely	been	conducted	�ndependent	of	the	research	challenges	of	the	other	
three	 areas.	 enhanced	 �nterd�sc�pl�nary	 collaborat�ons	 among	 researchers	
can	prov�de	results	 that	are	more	benefic�al,	more	effect�ve,	and	t�mel�er.	
In	th�s	way,	for	example,	opt�mum	w�nd	turb�ne	arrays	can	be	des�gned	as	
a	consequence	of	closer	collaborat�on	of	flu�d	dynam�c�sts	and	mesoscale	
meteorolog�sts,	and	�mproved	long-range	w�nd	resource	plann�ng	may	re-
sult	 from	 �ncreased	 �nteract�ons	 among	 not	 only	 mesoscale	 and	 cl�mate	
researchers	but	also	soc�oeconom�sts.	In	the	same	way,	closer	�nteract�ons	
are	requ�red	among	observat�onal�sts,	exper�mental�sts,	modelers,	and	users.	
effort	now	focused	w�th�n	�nd�v�dual	d�sc�pl�nes	needs	to	be	augmented	by	
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a	flatter,	more	 �nterd�sc�pl�nary	approach.	th�s	appl�es	both	 to	 �nd�v�dual	
researchers	and	groups	as	well	as	to	the	governmental	agenc�es	that	support	
and	pr�or�t�ze	the	research.

Partnersh�ps	are	essent�al	�n	develop�ng	the	model�ng	tools	needed	to	
des�gn	and	operate	w�nd	parks.	there	are	�mportant	complementary	roles	to	
be	played	by	the	publ�c,	pr�vate,	and	academ�c	sectors,	and	the	three	sectors	
need	to	find	effect�ve	ways	to	collaborate.

Solar Energy

Background

solar	power	refers	to	the	product�on	of	electr�c�ty,	d�rectly	or	�nd�rectly,	
from	amb�ent	sunl�ght.	Photovolta�c	(PV)	systems	convert	sunl�ght	d�rectly	
�nto	electr�c�ty	us�ng	arrays	of	solar	cells	of	var�ous	types,	such	as	th�n-film,	
monocrystall�ne	s�l�con,	polycrystall�ne	s�l�con,	and	amorphous	cells.	Arrays	
of	PV	panels	can	prov�de	electr�c�ty	d�rectly	to	the�r	hosts	(e.g.,	homes,	facto-
r�es,	office	bu�ld�ngs,	a�rports)	or	they	can	be	configured	�n	very	large	arrays	
to	compr�se	photovolta�c	power	stat�ons	that	prov�de	electr�c�ty	to	the	power	
gr�d.	the	olmed�lla	Photovolta�c	Park	�n	spa�n	�s	currently	the	world’s	largest	
PV	plant.18	Bu�lt	�n	2008,	the	plant	has	more	than	160,000	solar	PV	panels	to	
generate	peak	power	of	60	MW,	wh�ch	�s	enough	electr�c�ty	to	supply	more	
than	40,000	homes.	concentrated	solar	power	systems	produce	electr�c�ty	
�nd�rectly	by	us�ng	 comb�nat�ons	of	m�rrors,	 lenses,	 and	 solar	 trackers	 to	
focus	sunl�ght	from	a	large	area	onto	a	small	area	where	the	concentrated	
solar	energy	�s	used	to	heat	water	for	use	�n	a	convent�onal	thermal	power	
plant.	the	solar	energy	Generat�ng	systems	 fac�l�ty	 �n	 the	Mojave	Desert	
�s	 reported	 to	be	 the	 largest	 solar	 system	 �n	 the	world,	cons�st�ng	of	n�ne	
solar	power	plants	that	have	a	comb�ned	capac�ty	of	354	MW.19	Yet,	solar	
energy	today	only	suppl�es	about	0.9	percent	of	the	U.s.	domest�c	energy	
product�on	from	all	renewable	sources	(eIA,	2008b;	F�gure	4.3a).

The Problem

the	ava�lab�l�ty	of	electr�c�ty	from	solar	energy	systems,	l�ke	that	from	
w�nd	farms,	 �s	h�ghly	var�able	 �n	space	and	t�me,	wh�ch	poses	s�gn�ficant	
challenges	for	a	power	gr�d	that	requ�res	stab�l�ty	and	pred�ctab�l�ty.	Devel-
opers	of	large	solar	plants	and	ut�l�t�es	that	ut�l�ze	d�str�buted	PV	systems	that	

18	see	http://www.pvresources.com/en/top50pv.php.
19	see	http://solar.calfinder.com/blog/news/worlds-largest-solar-plant-segs/.
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encompass	 res�dent�al	 and	commerc�al	 �nstallat�ons	have	common	needs	
for	 rel�able	observat�ons,	h�stor�cal	and	real-t�me	databases,	and	accurate	
forecasts	on	a	var�ety	of	scales.

ex�st�ng	h�stor�cal,	nat�onal	solar	rad�at�on	databases	are	ava�lable	from	
the	Doe	nat�onal	Renewable	energy	Laboratory	(nReL,	1995,	2007),	the	
state	Un�vers�ty	of	new	York	at	Albany	(Perez	et	al.,	2007),	and	nAsA.20	
they	are	based	on	�n	s�tu	measurements	from	a	few	tens	of	surface-based	
rad�ometers	together	w�th	satell�te	cloud	�magery	and	analyt�cal	�nterpola-
t�on	algor�thms.	However,	the	accuracy	of	hourly	est�mates	of	surface	solar	
�rrad�ance	 from	 satell�te	 �magery	 �s	 only	 ±20	 percent.	 Add�t�onally,	 the	
temporal	resolut�on	of	1	hour	does	not	meet	user	needs	for	15-m�nute	data	
(some	users	may	requ�re	temporal	resolut�on	as	fine	as	1	m�nute);	nor	�s	the	
spat�al	 resolut�on	 (≥10	km)	of	 these	databases	cons�stent	w�th	many	user	
needs	for	data	resolut�on	of	1	km.	It	�s	notable,	however,	that	an	excellent	
mesoscale	 solar	 and	 meteorolog�cal	 measurement	 network	 and	 database	
ex�sts	at	the	southern	Great	Pla�ns	s�te	of	the	Doe	Atmospher�c	Rad�at�on	
Measurement	program	 (Ackerman	and	stokes,	2003),	wh�ch	can	prov�de	
an	�nvaluable	resource	for	test�ng	and	evaluat�ng	alternat�ve	measurement,	
analys�s,	and	forecast�ng	methods.

Ut�l�ty	operators	requ�re	solar	resource	forecast�ng	on	several	t�mescales:	
≤3	hours	 for	d�spatch�ng	to	enable	a	steady	power	supply	 to	 the	gr�d;	24	
to	 72	 hours	 for	 system	 operat�ons	 plann�ng;	 and	 seasonal	 to	 �nterannual	
forecast�ng	 for	 econom�c	 analyses	 and	 system	 plann�ng.	 However,	 today	
there	does	not	ex�st	 an	operat�onal	 solar	 �nsolat�on	 forecast�ng	capab�l�ty	
that	meets	user	needs.

Needs

the	needs	of	users	and	the	shortcom�ngs	of	ex�st�ng	measurement	net-
works,	solar	databases,	and	forecast	models	were	addressed	�n	a	recent	AMs	
commun�ty	workshop	(Weatherhead	and	eckman,	2010)	and	a	recent	nReL	
workshop	and	subsequent	extens�ve	needs	study	(Renné	et	al.,	2008);	these	
find�ngs	reflect	the�r	conclus�ons:

•	 there	�s	a	press�ng	need	for	h�gh-resolut�on	(15	m�nutes	or	less)	solar	
resource	 data	 der�ved	 from	 the	 hourly	 model	 results,	 and/or	 from	 add�-
t�onal	h�gh-qual�ty	measurements.	th�s	�nvolves	obta�n�ng	more	rel�able	s�te-	
spec�fic	data	 from	extrapolat�on	methods,	more	spat�ally	 refined	satell�te-

20	see	http://eosweb.larc.nasa.gov/sse/.
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der�ved	solar	resource	est�mates,	and	on-s�te	measurements	of	downwell�ng	
solar	rad�at�on	(all	components)	and	downwell�ng	�nfrared	rad�at�on.

•	 Rel�able,	operat�onal	solar	forecast�ng	�s	not	ava�lable	today.	Users	
need	12-	to	72-hour	solar	resource	forecasts,	as	well	as	very	short	term	(≤3	
hours)	and	seasonal-to-�nterannual	forecasts,	for	use	by	system	operators	�n	
system	plann�ng	and	load-follow�ng	operat�ons.

•	 An	�nteract�ve	arch�ve	of	solar	resource	�nformat�on	�s	needed	so	that	
developers,	ut�l�t�es,	system	operators,	and	system	planners	can	access	solar	
resource	�nformat�on	needed	for	spec�fic	analyses	and	appl�cat�ons.

•	 Lower-cost	solar	resource	measurements	and	assessments	are	needed	
for	key	locat�ons	(e.g.,	d�str�buted	PV	systems).

•	 Improved	 satell�te	 datasets	 are	 requ�red	 that	 encompass	 �mproved	
est�mates	 of	 aerosols,	 better	 detect�on	 of	 snow	 cover,	 and	 h�gher	 spat�al	
resolut�on.

Relationship to Other Weather Research Needs

Improved	observat�ons,	s�mulat�ons,	and	pred�ct�ons	of	w�nd	and	tur-
bulence	 and	 solar	 rad�at�on	 are	 needed	 w�th	 h�gh	 spat�al	 and	 temporal	
resolut�on	and	accuracy	to	opt�mally	locate,	des�gn,	and	operate	w�nd	and	
solar	 energy	 fac�l�t�es.	 these	 efforts	 w�ll	 requ�re	 a	 focused,	 h�gh-pr�or�ty	
nat�onal	 research	 and	 R2o	 program	 that	 would	 be	 carefully	 and	 closely	
�ntegrated	w�th	the	observ�ng	and	pred�ct�ng	�n�t�at�ves	and	soc�oeconom�c	
act�ons	recommended	�n	chapters	2	and	3	of	th�s	report.	In	th�s	way,	pre-
v�ous	recommendat�ons	perta�n�ng	 to	 �mproved	nWP	w�th	global	nonhy-
drostat�c	models	(page	58),	�mproved	quant�tat�ve	prec�p�tat�on	est�mat�on	
and	forecast�ng	(page	69),	�mproved	hydrolog�c	pred�ct�on	(page	70),	and	
�mproved	mesoscale	observ�ng	systems	(page	87)	w�ll	all	pos�t�vely	�mpact	
the	�nformat�on	needs	of	the	renewable	energy	enterpr�se	as	they	perta�n	to	
electr�c�ty	generat�on	from	w�nd	and	solar	(but	also	from	hydro	resources).	
By	 the	 very	 nature	 of	 these	 appl�cat�ons,	 the	 efforts	 recommended	 here	
need	to	be	a	true	publ�c–pr�vate	partnersh�p	w�th	s�gn�ficant	�nvolvement	of	
academ�a	as	well.	to	be	successful,	these	efforts	w�ll	requ�re	the	format�on	
of	effect�ve	collaborat�ons	and	partnersh�ps	among	power	 system	des�gn-
ers,	operators,	gr�d	managers,	observat�onal�stsresearchers,	forecasters,	and	
modelers.	It	�s	encourag�ng	that	the	Doe	has	�nteracted	closely	w�th	aca-
dem�a	and	the	pr�vate	sector,	as	exempl�fied	by	the	commun�ty	workshops	
the	Doe	has	organ�zed	to	 fac�l�tate	 �mproved	weather-related	support	 for	
w�nd	and	solar	energy	product�on.	And	noAA	has	recently	�nd�cated	that	
�ts	next	Generat�on	strateg�c	Plan	(scheduled	for	release	�n	summer	2010)	
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w�ll	expl�c�tly	�nclude	a	focus	on	support	for	energy	product�on	from	renew-
able	resources.21

Recommendation: The effective design and operation of wind and solar 
renewable energy production facilities require the development, evalu-
ation, and implementation of improved and new atmospheric observ-
ing and modeling capabilities, and the decision support systems they 
enable. The federal agencies should prioritize and enhance their devel-
opment and support of the relevant observing and modeling methods, 
and facilitate their transfer to the private sector for implementation.

21	see	http://www.pp�.noaa.gov/ngsp.html.
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the	comm�ttee	was	charged	w�th	answer�ng	quest�ons	about	the	state	
of	U.s.	weather	research	and	research-to-operat�ons	(R2o)	act�v�t�es	and,	�n	
so	do�ng,	to	�dent�fy	pr�or�ty	needs	�n	each	area.	In	undertak�ng	�ts	task,	the	
comm�ttee	drew	upon	the	broad	range	of	work	that	had	been	reported	s�nce	
1995	(table	1.1);	convened	a	workshop	�n	summer	2009	w�th	50	�nv�ted	
experts	 �n	an	array	of	d�sc�pl�nes	 from	 the	publ�c,	pr�vate,	and	academ�c	
sectors;	and	subsequently	undertook	�ts	own	del�berat�ons	and	exam�nat�ons	
to	ga�n	�ns�ght	�nto	research	and	trans�t�onal	problems,	challenges,	needs,	
and	 opportun�t�es	 germane	 to	 weather,	 broadly	 defined.	 e�ght	 �mportant	
areas	 were	 �dent�fied,	 each	 hav�ng	 a	 certa�n	 amount	 of	 �ntr�ns�c	 overlap	
w�th	the	others:

•	 soc�oeconom�cs,
•	 weather	model�ng	and	pred�ctab�l�ty,
•	 quant�tat�ve	prec�p�tat�on	est�mat�on	and	forecast�ng,
•	 hydrolog�c	model�ng,
•	 mesoscale	observat�ons,
•	 �mpacts	forecast�ng,
•	 urban	meteorology,	and
•	 renewable	energy	product�on.

soc�oeconom�c	needs	were	placed	first	�n	th�s	report	because	they	cut	
across	all	seven	other	needs,	but	also	because	they	have	been	underempha-
s�zed,	undervalued,	and	undersupported	for	too	long.	Plac�ng	soc�oeconom�c	
needs	first	was	the	comm�ttee’s	modest	attempt	to	further	emphas�ze	the�r	
�mportance	and	need	of	attent�on.	the	report	next	�dent�fied	four	so-called	
establ�shed	(or	ongo�ng)	research	and	R2o	needs.	these	are	needs	that	have	
been	recogn�zed	for	some	t�me	as	�mportant,	w�th	ach�evable	goals,	but	that	
have	yet	to	be	completed	or	�mplemented	�n	pract�ce.	the	four	establ�shed	

5

Conclusion
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needs	 rema�n	press�ng	and	are	h�gh	pr�or�t�es;	 they	are	pred�ctab�l�ty	and	
global	nonhydrostat�c	coupled	model�ng,	quant�tat�ve	prec�p�tat�on	est�ma-
t�on	 and	 forecast�ng,	 hydrolog�c	 pred�ct�on,	 and	 mesoscale	 observat�ons.	
F�nally,	three	emerg�ng	needs	were	�dent�fied.	these	are	research	and	tran-
s�t�onal	needs	that	have	come	to	be	recogn�zed	or	apprec�ated	�n	the	Un�ted	
states	over	the	past	5	to	10	years	as	�ncreas�ngly	�mportant,	but	that	are	only	
�n	the	early	stages	of	understand�ng	or	�mplementat�on.	they	�nclude	very	
h�gh	�mpact	weather	and	�mpacts	forecast�ng,	urban	meteorology,	and	re-
newable	energy	product�on.	soc�oeconom�cs	could	perhaps	be	cons�dered	
another	emerg�ng	need.

In	retrospect,	there	are	crosscutt�ng	�ssues	that	span	all	e�ght	of	the	needs	
areas	 and	 the	 report	 m�ght	 as	 eas�ly	 have	 been	 organ�zed	 d�fferently.	As	
ment�oned,	soc�oeconom�cs	cuts	across	all	areas,	but	then	so	do	mesoscale	
observat�ons	 and	 model�ng—the	 latter	 encompass�ng	 global,	 mesoscale	
weather	and	hydrology.	Lastly,	the	�mportance	of,	and	the	need	for,	effect�ve	
partnersh�ps	 �s	 �ntr�ns�c	 to	all	e�ght	areas.	 In	 today’s	 sc�ence	and	serv�ces	
env�ronment,	partnersh�ps	are	cruc�al	to	the	conduct	of	most	research	and	
certa�nly	to	the	trans�t�on�ng	of	research	results	�nto	operat�ons	(as	well	as	
trans�t�on�ng	operat�onal	needs	back	to	research,	or	o2R).	Partnersh�ps	can	
�nvolve	mult�ple	d�sc�pl�nes	as	well	as	mult�ple	sectors,	and	somet�mes	both.	
they	are	necessary	because	of	the	�nter-	and	mult�d�sc�pl�nary	nature	of	the	
sc�ence,	and	also	because	the	task	at	hand	�s	often	s�mply	just	too	large,	too	
d�fficult,	or	too	expens�ve	to	be	undertaken	w�thout	partners.

Part	of	the	study’s	statement	of	task	was	to	assess	“what	could	be	done	�n	
the	short	term	to	re�nv�gorate	agency	and	�nteragency	plann�ng	for	weather	
research	and	research-to-operat�ons	act�v�t�es	�n	the	U.s.?”	nRc	pol�cy	pre-
cludes	the	study	from	mak�ng	prescr�pt�ve	organ�zat�onal	recommendat�ons,	
but	the	study’s	recommendat�ons	and	find�ngs	themselves	po�nt	to	several	
th�ngs	that	can	and	should	be	done	to	re�nv�gorate	agency	and	�nteragency	
plann�ng.	It’s	clear	that	an	act�ve	d�alogue	needs	to	be	establ�shed	and	ma�n-
ta�ned	that	�ncludes	stakeholders	represent�ng	a	w�de	range	of	d�sc�pl�nes:	
soc�oeconom�cs	 (broadly	 defined);	 atmospher�c,	 env�ronmental,	 and	 hy-
drolog�c	sc�ence;	measurement	and	observat�onal	sc�ence	and	eng�neer�ng;	
urban	plann�ng;	emergency	management;	transportat�on	plann�ng;	renew-
able	energy	product�on;	and	more.	the	stakeholders	must	come	not	only	
from	federal,	state,	and	mun�c�pal	agenc�es	but	also	from	the	pr�vate	sector	
and	academ�a.	An	effect�ve	mechan�sm	that	has	worked	�n	the	past	(albe�t	
w�th	a	narrower	 focus)	 �s	 for	 the	 federal	agenc�es	 to	 �n�t�ate	 the	d�alogue	
through	a	commun�ty	“weather	summ�t”	of	sorts	that	would	br�ng	the	part�es	
together	for	the	purpose	of	�dent�fy�ng	pr�or�t�es	and	defin�ng	spec�fic	act�ons	
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to	establ�sh1	a	cohes�ve	approach	to	the	plann�ng	of	weather	research	and	
R2o.	there	are	several	organ�zat�ons	 that	m�ght	be	 tasked	by	 the	 federal	
agenc�es	 to	 br�ng	 the	 part�es	 together	 and	 organ�ze	 such	 a	 summ�t;	 they	
�nclude	the	nat�onal	Research	counc�l	(wh�ch	organ�zed	the	2009	summ�t	
on	Amer�ca’s	cl�mate	cho�ces2	among	other	such	gather�ngs);	the	nat�onal	
oceanograph�c	and	Atmospher�c	Adm�n�strat�on	(noAA)	sc�ence	Adv�sory	
Board;	noAA’s	office	of	the	Federal	coord�nator	for	Meteorology;	and	the	
Amer�can	Meteorolog�cal	soc�ety.

In	clos�ng,	we	re�terate	that	�t	�s	cruc�al	that	the	weather	enterpr�se	ad-
dress	these	establ�shed	and	emerg�ng	�ssues	and	v�gorously	and	r�gorously	
undertake	the	research	needed	to	develop	the	capac�ty	to	deal	w�th	them,	
and	 then	 transfer	 the	 �mportant	 research	 results	 �nto	operat�ons.	th�s	can	
be	 started	 by	 recogn�z�ng	 that	 as	 the	 world	 and	 our	 nat�on’s	 challenges	
have	 changed,	 the	 sc�ent�fic	 research	 pr�or�t�es	 and	 operat�onal	 pr�or�t�es	
need	to	change	as	well.	As	such,	th�s	report	and	�ts	recommendat�ons	can	
prov�de	the	beg�nn�ngs	of	a	framework	that	�s	relevant	to	all	part�es	�n	the	
weather	enterpr�se:	agency	dec�s�on	makers,	pol�cy	makers,	research	sc�en-
t�sts,	pr�vate-sector	appl�cat�ons	spec�al�sts,	teachers,	publ�c	and	pr�vate	user	
groups	and	organ�zat�ons,	and	the	general	publ�c.

1	We	have	consc�ously	avo�ded	 the	 term	“re�nv�gorate,”	 as	called	out	 �n	 the	statement	of	
task,	as	that	would	�mply	there	has	been	a	cohes�ve	and	effect�ve	approach	to	the	plann�ng	of	
weather	research	and	R2o	�n	the	past,	wh�ch	�s	only	part�ally	the	case.

2	summ�t	 on	 Amer�ca’s	 cl�mate	 cho�ces, March	 30–31,	 2009,	 the	 nat�onal	 Academy	 of	
sc�ences,	2101	const�tut�on	Avenue,	n.W.,	Wash�ngton,	D.c.	(http://amer�cascl�matecho�ces.
org/summ�t.shtml).	
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Gr�mmond	et	al.	(2009)	�dent�fied	where	�mprovements	�n	observat�ons,	
Data,	Understand�ng,	Model�ng,	tools,	and	educat�on	are	needed	to	ensure	
that	 �n	 the	next	decade	Urban	Meteorology	 supports	 the	development	of	
more	susta�nable	c�t�es.	Pr�or�t�zat�on	�s	�nd�cated	as	h�gh	(H),	med�um	(M)	
or	low	(L).	these	areas	are	reproduced	below:

OBSERVATIONS

•	 need	operat�onal	urban meteorological networks (w�th�n	and	around	
the	c�ty)	w�th	opt�mum	balance	between	resolut�on	and	pract�cab�l�ty,	wh�ch	
�nclude:	 surface-based	 �nstrumentat�on	 (so�l	 mo�sture	 and	 a�r/so�l/surface	
temperature),	vertical profiles (from	w�th�n	the	deep	urban	canopy	layer	to	
the	top	of	the	boundary	layer)	of	temperature,	hum�d�ty,	w�nd,	turbulence,	
rad�at�on,	ra�nfall,	a�r	qual�ty	(gases	and	part�cles,	precursors	and	secondary),	
reflect�v�ty	and	refract�v�ty.	(H)

•	 need	observat�ons	over	and	w�th�n	a	larger	range	of	urban morpholo-
gies to	establ�sh	un�versal	flow	and	flux	character�st�cs.	need	to	ensure	that	
there	are	long	term	data	sets	(rather	than	short	term	campa�gns)	that	have	
w�de	spat�al	representat�veness.	the	ex�st�ng	 long term measurement sta-
tions should	be	preserved.	(H)

•	 need	 to	 measure	 fluxes	 of	 co
2	

us�ng	 eddy	 covar�ance	 approach	
comb�ned	w�th	 �sotop�c	analys�s	 to	determ�ne	not	only	 the	 s�zes	of	 these	
fluxes	but	also	to	�dent�fy	em�ss�on	sources	(e.g.,	background	concentrat�on,	
gasol�ne	combust�on,	natural	gas	combust�on	and	resp�rat�on)	 to	evaluate	
the	role	of	c�t�es	on	the	earth-atmosphere	carbon	exchange.	(H)

•	 need	to	undertake	measurement	stud�es	to	val�date	quant�tat�ve	est�-
mates	of	anthropogen�c	heat	and	mo�sture	em�ss�ons	and	�mprove	est�mat�on	

A 

Gaps in Knowledge and Practice for the 
Next Decade in Urban Meteorology
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techn�ques	at	a	range	of	scales	start�ng	w�th	the	�nd�v�dual	bu�ld�ng	where	
measurements	can	close	the	energy	budget	on	a	control	volume.	(M)

•	 need	s�multaneous	measurements	of	flow	propert�es	at	var�ous	s�tes	
and	 levels	 to	better	 study	coherent	 structures	and	 �nterm�ttent	vent�lat�on	
processes	w�th�n	the	roughness	sublayer.	(M)

•	 need	to	better	assess	urban	surface	character�st�cs	(e.g.,	em�ss�v�ty	to	
develop	methods	to	correct	 for	 thermal	an�sotropy),	and	determ�ne	fluxes	
from	remote	sens�ng.	(M)

•	 need	to	explore	the	use	of	new	measurement	techn�ques	�nclud�ng	
the	use	of	remote	sens�ng	technolog�es	and	smaller,	more	mob�le	and	af-
fordable	�nstruments.	(M)

DATA

•	 need	to	meet	data	requ�rements	to	allow	translat�on	of	research	find-
�ngs	 �nto	 urban/bu�ld�ng	 des�gn	 tools	 and	 gu�del�nes	 for	 d�fferent	 cl�mate	
zones	and	classes	of	urban	land-use.	(H)

•	 need	to	ensure	that	data	are	prov�ded	�n	a	format	that	�s	usable	for	a	
broad	range	of	pract�t�oners	w�thout	comprom�se	to	sc�ent�fic	accuracy	and	
�ntegr�ty.	(H)

•	 need	to	ensure	metadata	to	descr�be	�nstrument,	s�t�ng,	qual�ty	assur-
ance	and	control	features	and	documentat�on	are	complete	and	comparable	
by	creat�ng,	and	us�ng,	a	standard�zed	urban	protocol.	(H)

UNDERSTANDING

•	 need	to	develop	methods	and	frameworks	 to	analyse	atmospher�c	
data	measured	above	complex	urban	surfaces.	th�s	�ncludes	measurement	
source	 areas	 to	 ensure	 representat�ve	 results	 and	mean�ngful	 compar�son	
between	s�tes.	(H)

•	 need	to	know	more	about	the	outer	layer	of	the	urban	boundary	layer	
(UBL),	�.e.,	the	atmosphere	above	the	�nternal	surface	layer	(IsL).	(H)

•	 need	 to	 assess	 for	 each	 �ntervent�on	 what	 scale	 �ntervent�ons	 are	
needed	and	poss�ble	(e.g.,	legally,	econom�cally,	plann�ng,	techn�cally,	etc.)	
to	make	c�t�es	more	susta�nable	(e.g.,	l�vable,	healthy,	etc.).	(H)

•	 need	for	assessment	of	human-�nduced	large-scale	cl�mate	change	at	
the	scale	of	c�t�es	to	ensure	that	the	s�gnal	of	cl�mate	change	�s	d�st�ngu�shed	
from	the	no�se	of	natural	var�ab�l�ty.	(H)

•	 need	to	better	understand	the	coupl�ng	of	surface	and	a�r	tempera-
tures.	(M)
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•	 need	 to	 exam�ne	 vent�lat�on	 and	 pollutant	 removal	 mechan�sms	
(upward	and	s�deward)	for	3D	street	canyons.	(M)

•	 need	 to	understand	 �f	urban	canop�es	are	a	spec�al	class	of	 rough	
wall	or	canopy	flows	and	to	what	extent	urban	res�dual	surface	layer	(RsL)	
turbulence	can	be	descr�bed	w�th	a	poss�bly	mod�fied	m�x�ng	layer	model.	
(M)

•	 need	to	�ncrease	our	knowledge	on	the	subsurface	heat	�sland.	(L)

MODELLING

•	 need	 to	 evaluate	 urban	 land	 surface	 schemes	 �n	 both	 offl�ne	 and	
onl�ne	mode	for	a	w�de	range	of	cond�t�ons	to	ensure	that	the	models	are	
fit	for	purpose.	(H)

•	 need	to	�mprove	short-range,	h�gh-resolut�on	numer�cal	pred�ct�on	
of	weather,	a�r	qual�ty,	and	chem�cal	d�spers�on	�n	the	urban	zone	through	
�mproved	model�ng	of	the	b�ogeophys�cal	features	of	the	land	surface	and	
consequent	exchange	of	heat,	mo�sture,	momentum,	and	rad�at�on	(�.e.,	the	
surface	energy	balance,	seB)	w�th	the	UBL.	(H)

•	 need	 cFD/Les	 stud�es	 of	 w�nd	 and	 pollutant	 transport	 stud�es	 �n	
reg�mes	other	than	sk�mm�ng	flow	and	w�th	comb�ned	effects	of	w�nd	and	
buoyancy.	(H)

•	 need	 to	 �mprove	understand�ng	of	 feedback	mechan�sms	between	
the	urban	env�ronmental	cond�t�ons	and	human	act�v�ty.	(H)

•	 need	 to	 �ncorporate	more	 real�st�c	a�r	pollut�on	chem�stry	mecha-
n�sms	(e.g.,	o

3	t�trat�on	at	urban	canopy	level)	�nto	models.	(M)
•	 need	 to	 further	 develop	 mult�-scale	 model�ng	 to	 allow	 �nvest�ga-

t�ons	such	as:	effect	of	large-scale	atmospher�c	turbulence	on	the	ne�ghbor-
hood-	or	even	m�cro-scale	turbulence	below	the	canopy	levels;	�nteract�on	
between	 natural	 and	 art�fic�al	 landscapes;	 to	 assess	 street-level	 comfort,	
bu�ld�ng	energy	consumpt�on	and	urban	des�gn.	(M)

•	 need	 laboratory	 and	 cFD/Les	 stud�es	 w�th	 structures	 that	 more	
closely	resemble	c�t�es	than	earl�er	�deal�zed,	homogenous	arrays	to	�nform	
model	development	for	urban	RsL	turbulence.	(M)

•	 need	further	work	on	a	s�mple	un�versal	UHI model	for	appl�ed	users.	
(L)

TOOLS

•	 need	to	develop	tools	to	allow	models	to	be	able	to	accommodate	
the	w�de	d�fferences	�n	data	ava�lab�l�ty	depend�ng	on	the	appl�cat�on	from	
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research	 to	 operat�onal	 s�tuat�on	 e.g.,	 �n	 field	 research	 stud�es,	 extens�ve	
w�nd	observat�ons	may	be	ava�lable	 (and	deta�led	bu�ld�ng	morphology),	
but	for	emergency	response	s�tuat�ons	only	m�n�mal	�nputs	may	be	ava�lable	
(e.g.,	w�nds	from	the	nearest	a�rport,	no	3-D	bu�ld�ng	data).	(H)

•	 need	to	develop	des�gns	for	hot	c�t�es	wh�ch	promote	shad�ng	and	
vent�lat�on	w�thout	comprom�s�ng	a�r	qual�ty	and	natural	l�ght�ng.	(H)

•	 need	to	encourage	development	of	act�ve	s�mulat�on	tools	(e.g.	www.
susdes�gn.com/tools.php)	 through	 commun�ty	 part�c�pat�on	 (e.g.	 forums,	
blogs,	w�k�s).	(H)

•	 need	to	develop	tools	that	allow	compet�ng	and	un�ntended	�mpacts	
of	 proposed	 susta�nable	 des�gn	 to	 be	 assessed	 (e.g.,	 w�ll	 urban	 green�ng	
reduce	temperatures	but	�ncrease	hum�d�ty,	result�ng	�n	no	net	�ncrease	�n	
comfort	levels?)	(H)

•	 need	 to	 develop	 tools	 that	 allow	assessment	 of	 the	best,	 or	 rank-
�ng	 of,	 soc�al,	 econom�c	 and	 env�ronmental	 dec�s�ons	 for	 urban	 cl�mate	
management	(e.g.,	urban	green�ng	vs.	repav�ng	roads	and	pavements	w�th	
h�gh(er)	albedo	vs.	low‐em�ss�v�ty	mater�als	vs	l�m�t�ng	the	contr�but�on	of	
anthropogen�c	heat;	�nvestment	�n	expens�ve	mult�‐funct�onal	solut�ons	(e.g.,	
vegetated	 roofs)	 vs.	 cheaper,	 s�ngle	 benefit	 solut�ons	 such	 as	 cool	 roofs).	
(H)

•	 need	 to	 make	 use	 of	 spat�al	 and	 temporal	 est�mat�on	 of	 transport	
em�ss�ons	through	veh�cle	fleet	effic�enc�es	and	traffic	data.	(M)

•	 need	to	solve	techn�cal	challenges	such	as	mo�sture	seepage	�n	veg-
etated	roofs,	and	hazards	to	street	 trees	(e.g.,	pests,	new	patholog�es,	so�l	
qual�ty,	compact�on,	dra�nage,	 frequent	d�sturbances	 from	ut�l�ty	 trenches	
and	excess�ve	pav�ng).	(M)

•	 need	 to	determ�ne	how	 to	 l�nk	 the	benefic�ar�es	 of	 urban	 cl�mate	
�ntervent�ons	w�th	the	costs	of	�mplement�ng	them.	(M)

EDUCATION

•	 need	 to	ensure	w�despread	educat�on	of	 the	meteorolog�cal	com-
mun�ty	 of	 the	 needs	 for	 plann�ng	 and	 manag�ng	 c�t�es	 of	 all	 s�zes	 �n	 as	
susta�nable	a	manner	as	poss�ble.	(H)

•	 need	to	encourage	commun�cat�on	wh�ch	crosses	trad�t�onal	sc�en-
t�fic	 d�sc�pl�ne	 and	 spat�al	 scales	 (e.g.:	 http://www.conservat�oneconomy.	
net;	http://www.susta�nable-bu�ld�ngs.org/�ndex.php).	(H)

•	 need	to	�mprove	publ�c	educat�on	and	commun�cat�on	of	heat/health	
percept�on	through	use	of	s�mple	language	and	commun�ty	access.	(H)
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•	 need	for	collaborat�on	w�th	stakeholders	�n	the	w�despread	develop-
ment	of	heat/health	warn�ng	systems.	(H)

•	 need	to	commun�cate	through	convent�onal	publ�cat�ons	and	to	use	
current	(and	evolv�ng)	electron�c	med�a	to	allow	access�b�l�ty	w�th	depth	of	
content	that	�s	up-to	date.	(M)
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execut�ve	summary	of	the
2009	commun�ty	Rev�ew	of	the	

nceP	office	of	the	D�rector1	

carr�ed	out	by	the	Un�vers�ty	corporat�on	for	Atmospher�c	Research

nceP	Rev�ew	execut�ve	comm�ttee:
Freder�ck	carr,	co-cha�r
James	K�nter,	co-cha�r

G�lbert	Brunet
Kelv�n	Droegeme�er

Genene	F�sher
Ronald	McPherson
Leonard	P�etrafesa

er�c	Wood

Apr�l	2010

1th�s	execut�ve	summary	and	the	complete	report	from	wh�ch	�t	has	been	extracted	are	ava�l-
able,	together	w�th	the	deta�led	�nd�v�dual	rev�ews	of	the	n�ne	nceP	centers,	at:	http://www.
vsp.ucar.edu/events/nceP_rev�ews_2009.html.	

B

NCEP Review Executive Summary
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ExECUTIVE SUMMARy

the	Un�vers�ty	corporat�on	for	Atmospher�c	Research	(UcAR)	was	re-
quested	 �n	 november	 2008	 by	 the	 nat�onal	 centers	 for	 env�ronmental	
Pred�ct�on	(nceP)	to	fac�l�tate	a	thorough	and	thoughtful	commun�ty	rev�ew	
of	the	n�ne	centers	that	compr�se	nceP,	as	well	as	the	nceP	office	of	the	
D�rector.	th�s	 report	 summar�zes	 the	 rev�ew	of	 the	office	of	 the	D�rector	
(oD).

the	 v�s�on	 of	 “nceP	 as	 a	 whole”	 be�ng	 greater	 than	 the	 sum	 of	 �ts	
parts	�s	be�ng	real�zed	but	�s	also	a	work	�n	progress.	nceP	�s	perform�ng	
well	�n	�ts	pr�mary	m�ss�on	of	prov�d�ng	products	and	serv�ces	�n	support	of	
protect�ng	l�fe	and	property	�n	a	t�mely	manner.	Many	of	�ts	serv�ce	centers	
are	 recogn�zed	as	world	 leaders	 �n	 the�r	part�cular	m�ss�ons.	the	 �nterac-
t�ons	between	centers	are	�ncreas�ng,	although	�mprovement	�s	needed	�n	
th�s	area.	the	Rev�ew	Panel	commends	the	strong	leadersh�p	of	the	nceP	
D�rector	and	h�s	staff	members	for	the	s�gn�ficant	progress	nceP	has	made	
over	the	past	decade.	nceP’s	m�ss�on	�s	un�que	�n	the	U.s.,	and	has	been	
noted	as	a	“nat�onal	resource”;	as	such,	�t	has	the	opportun�ty	to	leverage	
th�s	leadersh�p	and	respect	to	ach�eve	h�gher	goals.

th�s	�s	a	very	cruc�al,	perhaps	watershed,	moment	for	nceP	�n	wh�ch	
effect�ve	leadersh�p	and	resources	are	essent�al	�f	nceP	�s	to	rega�n/reta�n	
�ts	compet�t�ve	advantage	�n	the	world.	Important	dec�s�ons	are	�mm�nent	
on	how	to	lead	and	resource	a	large	number	of	key	�n�t�at�ves,	poss�bly	�n	
compet�t�on	w�th	other	agenc�es	or	even	other	nat�onal	Weather	serv�ces	
(nWs)	 and	 nat�onal	 ocean�c	 and	 Atmospher�c	 Adm�n�strat�on	 (noAA)	
programs.

the	 fundamental	challenge	w�th�n	nceP	 �s	 that	 �t	 �s	under-resourced	
for	�ts	m�ss�on.	each	center	reported	that	�t	�s	prov�d�ng	more	serv�ces	and	
products,	w�th	add�t�onal	 requests	 �n	 the	p�pel�ne,	w�th	 roughly	 the	same	
number	of	personnel	s�nce	the	last	rev�ew.	At	the	env�ronmental	Model�ng	
center	(eMc)	of	nceP,	the	numerous	add�t�onal	demands	for	�mproved	or	
new	model�ng	and	data	ass�m�lat�on	systems	added	to	an	already	broad	m�s-
s�on	has	precluded	any	one	system	from	be�ng	cons�dered	“world-best.”

there	�s	sent�ment	�n	the	commun�ty	that	eMc	�s	not	equ�pped	to	fulfill	
�ts	m�ss�on	or	real�ze	�ts	v�s�on,	�.e.,	�t	cannot	del�ver	world-lead�ng	models	
w�th	�ts	current	structure	and	broad	m�ss�on,	for	wh�ch	�t	�s	under-resourced.	
the	eMc	m�ss�on	should	be	carefully	evaluated	and	e�ther	reduced	�n	scope	
to	al�gn	w�th	 the	 resources	or	 the	 resources	 should	be	 �ncreased	 to	al�gn	
w�th	the	broad	m�ss�on.	th�s	should	be	done	�n	comb�nat�on	w�th	a	com-
prehens�ve	plan	to	�n�t�ate	partnersh�ps	w�th	other	model�ng	groups	w�th�n	
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noAA,	other	federal	agenc�es	and	the	academ�c	commun�ty.	the	latter	�s	
recommended	ow�ng	to	eMc’s	reputat�on	for	be�ng	unrecept�ve	to	external	
collaborat�on,	 a	 percept�on	 that	 often	 (unfa�rly)	 character�zes	 nceP	 as	 a	
whole.	nceP	personnel	are	correct	to	note	that	the	research	commun�ty	has	
a	 lack	of	apprec�at�on	of	 the	constra�nts	 that	are	 �mposed	by	 the	requ�re-
ments	for	t�mel�ness,	dependab�l�ty	and	accuracy	on	any	operat�onal	center.	
nevertheless,	 better	 understand�ng	 and	 cooperat�on	 between	 operat�onal	
and	 research	 sc�ent�sts	 are	 absolutely	 essent�al	 for	nceP	 to	 fully	 ach�eve	
�ts	m�ss�on.

For	the	noAA	numer�cal	weather	and	cl�mate	pred�ct�on	endeavor	to	
serve	the	nat�on	adequately	and	be	comparable	to	those	that	are	the	best	
�n	the	world,	nceP	must:	

•	 create	a	culture	and	work	env�ronment	that	attracts	an	extraord�nary	
cadre	of	talented	sc�ent�sts	sk�lled	�n	var�ous	aspects	of	numer�cal	weather	
and	cl�mate	pred�ct�on.	th�s	w�ll	 requ�re	 �nnovat�ve	personnel	pol�c�es,	a	
much	greater	fract�on	of	c�v�l	serv�ce	pos�t�ons,	opportun�t�es	for	advance-
ment	based	on	sc�ent�fic	and	 technolog�cal	contr�but�ons,	and	systemat�c	
mechan�sms	and	comm�tments	for	ensur�ng	cooperat�on	and	collaborat�on	
w�th	the	nat�onal	and	�nternat�onal	model�ng	commun�t�es.

•	 Deploy	computer	capab�l�t�es	that	are	comparable	to	or	better	than	
those	of	other	major	 �nternat�onal	 centers.	 th�s	w�ll	 requ�re	 a	 substant�al	
�ncrease	�n	computer	power	and	data	management	and	storage	fac�l�t�es.

•	 Prov�de	 adequate	human	 resources	 to	meet	 the	 stated	operat�onal	
m�ss�on.

•	 embrace	an	ent�rely	new	approach	to	model	development	and	�mple-
mentat�on.	th�s	w�ll	requ�re	a	substant�al	effort	to	focus	on	creat�ng	a	s�ngle,	
powerful,	 flex�ble,	 mult�-scale	 atmosphere-ocean-land-surface	 model�ng	
approach	 that	can	be	 spec�al�zed	 to	 spec�fic	 resolut�ons	and	 t�me	 scales.	
It	 should	be	an	effort	 that	 �nvolves	 the	 ent�re	nat�onal	weather	model�ng	
commun�ty	and	engages	partners	from	other	agenc�es,	academ�a,	and	the	
pr�vate	sector.

In	add�t�on	to	tak�ng	these	steps	toward	ach�ev�ng	excellence,	the	office	
of	the	D�rector	should	cons�der	the	follow�ng	cr�t�cal	�ssues:

1.	external	Adv�ce	
	the	nat�onal	centers	for	env�ronmental	Pred�ct�on	needs	external	ad-
v�ce	on	both	sc�ent�fic	aspects	of	�ts	m�ss�on	and	the	further	develop-
ment	of	 �ts	products	and	serv�ces.	to	enhance	 �ts	 l�nkage	 to	both	 the	
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research	 and	 pr�vate	 sector	 commun�t�es,	 nceP	 should	 request	 from	
noAA	 Headquarters	 that	 a	 sc�ence	 and	 serv�ces	 adv�sory	 board	 be	
establ�shed.	

2.	Adm�n�strat�ve	Workload	
	the	large	workload	assoc�ated	w�th	the	office	of	the	D�rector	has	grown	
s�gn�ficantly	 along	 w�th	 the	 nceP	 m�ss�on	 and	 budget	 over	 the	 past	
decade.	nceP	requ�res	a	Deputy	D�rector	who	can	handle	the	day	to	
day	operat�ons	of	nceP	as	well	as	many	other	�nternally-d�rected	du-
t�es,	free�ng	up	the	D�rector	to	th�nk	more	strateg�cally	and	forge	new	
collaborat�ons	and	partnersh�ps	w�th�n	noAA,	the	federal	government,	
the	Us	academ�c	commun�ty,	the	pr�vate	sector	and	abroad.	Also,	the	
vacancy	 �n	 the	pos�t�on	of	nceP	ch�ef	operat�ons	officer	 should	be	
filled.

3.	Future	Rev�ews	
	In	order	to	preclude	large	per�ods	of	t�me	transp�r�ng	before	the	next	set	
of	rev�ews,	nceP	should	formal�ze	a	per�od�c	rev�ew	process,	to	occur	
every	5–6	years.

these	�ssues	are	more	fully	developed	�n	sect�on	5	of	th�s	report,	and	a	
deta�led	set	of	find�ngs	and	recommendat�ons	that	address	the	po�nts	above	
are	g�ven	�n	sect�on	6.	
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3DVar	 3-d�mens�onal	var�at�onal
4DVar	 4-d�mens�onal	var�at�onal

AHPs	 Advanced	Hydrolog�c	Pred�ct�on	serv�ce
AMs	 Amer�can	Meteorolog�cal	soc�ety
ARs	 Agr�cultural	Research	serv�ce

BAsc	 Board	on	Atmospher�c	sc�ences	and	cl�mate

cAsA	 collaborat�ve	Adapt�ve	sens�ng	of	the	Atmosphere
ccsM	 commun�ty	cl�mate	system	Model
cFD	 computat�onal	flu�d	dynam�cs
cHI	 commun�cat�ng	Hurr�cane	Informat�on
cHPs	 commun�ty	Hydrolog�c	Pred�ct�on	system
cHyMP	 commun�ty	Hydrolog�c	Model�ng	Platform
conUs	 cont�guous	Un�ted	states

DHM	 d�str�buted	hydrolog�c	model
DMIP	 D�str�buted	Model	Intercompar�son	Project
DoD	 U.s.	Department	of	Defense
Doe	 U.s.	Department	of	energy
Dot	 U.s.	Department	of	transportat�on

ecMWF	 european	centre	for	Med�um-Range	Weather	Forecasts
eIA	 U.s.	energy	Informat�on	Agency
eMc	 env�ronmental	Model�ng	center
enKF	 ensemble	Kalman	filter
enso	 el	n�ño–southern	osc�llat�on
eoc	 emergency	operat�ons	center

C 

Acronyms and Abbreviations
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eP�cc	 env�ronmental	Pred�ct�on	�n	canad�an	c�t�es
esRL	 earth	systems	Research	Laboratory

FAA	 Federal	Av�at�on	Adm�n�strat�on
FIM	 fin�te-volume	hor�zontal	transport	
FnMoc	 Fleet	numer�cal	Meteorology	and	oceanography	center

GFs	 Global	Forecast	system
GIs	 geograph�c	�nformat�on	system
GPs	 Global	Pos�t�on�ng	system

HMt	 Hydrometeorolog�cal	testbed
HPc	 h�gh-performance	comput�ng
HPc	 Hydrometeorolog�cal	Pred�ct�on	center

IWRss	 Integrated	Water	Resources	sc�ence	and	serv�ces

Les	 large	eddy	s�mulat�on

Mcs	 mesoscale	convect�ve	system
MHeWs	 Mult�-Hazard	early	Warn�ng	system
MMs	 Modular	Model�ng	system
MsA	 metropol�tan	stat�st�cal	area
µsA	 m�cropol�tan	stat�st�cal	area

nAsA	 nat�onal	Aeronaut�cs	and	space	Adm�n�strat�on	
ncAR	 nat�onal	center	for	Atmospher�c	Research
nceP	 nat�onal	centers	for	env�ronmental	Pred�ct�on
neXRAD	 next-Generat�on	Radar
nextGen	 next	Generat�on	A�r	transportat�on	system
nIcAM	 nonhydrostat�c	Icosahedral	Atmospher�c	Model
noAA	 nat�onal	ocean�c	and	Atmospher�c	Adm�n�strat�on
noGAPs	 navy	operat�onal	Global	Atmospher�c	Pred�ct�on	system
nRc	 nat�onal	Research	counc�l
nReL	 nat�onal	Renewable	energy	Laboratory
nsAB	 noAA	sc�ence	Adv�sory	Board
nsF	 nat�onal	sc�ence	Foundat�on
nWP	 numer�cal	weather	pred�ct�on
nWs	 nat�onal	Weather	serv�ce
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o2R	 operat�ons	to	research
oHD	 office	of	Hydrolog�c	Development

PBL	 planetary	boundary	layer
PDt	 Prospectus	Development	team
PRoBcAst	 Probab�l�ty	Forecast	Program
PV	 photovolta�c

QPe	 quant�tat�ve	prec�p�tat�on	est�mat�on
QPF	 quant�tat�ve	prec�p�tat�on	forecast

R2o	 research	to	operat�ons
RF	 rad�o	frequency
RFc	 R�ver	Forecast	center

sAc-sMA	 sacramento	so�l	Mo�sture	Account�ng
sIP	 soc�etal	Impacts	Program
snoteL	 snowpack	teLemetry
ssWIM	 soc�al	sc�ence	Woven	�nto	Meteorology

tIGGe	 tHoRPeX	Interact�ve	Grand	Global	ensemble

UcAR	 Un�vers�ty	corporat�on	for	Atmospher�c	Research
UHF	 ultrah�gh	frequency
UsAce	 U.s.	Army	corps	of	eng�neers
UsGs	 U.s.	Geolog�cal	survey
UsWRP	 U.s.	Weather	Research	Program

VHI	 very	h�gh	�mpact

VoRteX2	 	Ver�ficat�on	of	the	or�g�ns	of	Rotat�on	�n	tornadoes		
exper�ment

WAs*Is	 Weather	and	soc�ety*Integrated	stud�es
WAteRs	 Water	and	env�ronmental	Research	systems
WcRP	 World	cl�mate	Research	Program
WMo	 World	Meteorolog�cal	organ�zat�on
WRF	 Weather	Research	and	Forecast�ng	Model
WsR	 Weather	serv�ce	Radar
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Dur�ng	 the	 1990s,	 the	 federal	 government	 supported	 a	 number	 of	
weather	 research	 and	 research-to-operat�ons	 plann�ng	 act�v�t�es	 (e.g.,	 the	
U.s.	Weather	Research	Program;	UsWRP),	to	�dent�fy	key	gaps	�n	the	un-
derstand�ng	and	s�mulat�on	of	severe	weather	of	all	types	and	the�r	soc�etal	
�mpacts,	 seek�ng	 to	 accelerate	 the	 rate	 at	 wh�ch	 weather	 forecasts	 were	
�mproved.	Pr�or�t�es	developed	by	the	UsWRP	were	the	start�ng	po�nt	for	a	
number	of	efforts	�nclud�ng	field	campa�gns	and	testbeds.	However,	these	
pr�or�t�es,	wh�ch	were	 �dent�fied	 �n	 documents	 publ�shed	by	 the	UsWRP	
“Prospectus	 Development	 teams”	 (PDts),	 were	 developed	 more	 than	 a	
decade	ago.

th�s	study	w�ll	explore	the	status	of	weather	research	and	the	research-
to-operat�ons	act�v�t�es	at	the	federal	level.	It	w�ll	d�scuss	whether	UsWRP	
pr�or�t�es	rema�n	relevant	and	how	they	m�ght	evolve	to	better	meet	current	
�nteragency	needs.	the	goal	�s	not	to	cr�t�que	UsWRP	documents	wr�tten	
more	than	a	decade	ago	or	to	prov�de	a	formal	rev�ew	of	current	plann�ng	
documents,	 but	 rather	 to	 �dent�fy	 emerg�ng	 agency	 pr�or�t�es	 and	 oppor-
tun�t�es	 for	 �nteragency	 collaborat�on.	 Us�ng	 the	 PDts	 and	 br�efings	 on	
current	agency	act�v�t�es	as	a	start�ng	po�nt,	the	quest�ons	to	be	addressed	
�nclude:	

1.	What	has	been	ach�eved?
2.	What	has	not	been	ach�eved?
3.	What	�s	no	longer	relevant?
4.	What	current	�ssues	were	not	ant�c�pated	when	the	PDts	were	wr�tten	

(e.g.,	extreme	weather	�n	the	context	of	cl�mate	change)?
5.	What	could	be	done	 �n	 the	 short	 term	 to	 re�nv�gorate	agency	and	

�nteragency	plann�ng	for	weather	research	and	research-to-operat�ons	act�v�-
t�es	�n	the	Un�ted	states?

D 

Summer Study Statement of Task
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Board on Atmospheric Sciences and Climate 
Committee on Progress and Priorities of U.S. Weather Research and 

Research-to-Operations Activities 
Summer 2009 Community Workshop

Workshop Agenda National Academies Jonsson Center
July 21–22, 2009  314 Quissett
 Woods Hole, MA 02543

Workshop Goals
the	past	decade	and	a	half	has	engendered	a	number	of	 �ns�ghtful	com-
mun�ty	reports	address�ng	the	state	of	the	U.s.	weather	research	and	opera-
t�ons	enterpr�se.	these	reports	have	descr�bed	numerous	opportun�t�es	and	
prov�ded	 recommendat�ons	 for	 �mprovements	 �n	 observat�ons,	 phys�cal	
understand�ng,	pred�ct�on,	 soc�oeconom�c	 �mpacts,	commun�cat�ons,	and	
�nter-�nst�tut�onal	�nteract�on	and	collaborat�on.	the	goals	of	the	workshop	
are	to	undertake	a	h�gh-level	evaluat�on	and	assessment	of	the	progress	that	
has	been	made	to	date	�n	these	areas,	�dent�fy	emerg�ng	requ�rements	that	
were	not	prev�ously	recogn�zed,	and	prov�de	pr�or�ty	recommendat�ons	for	
new	or	�ncreased	emphas�s.

Tuesday July 21, 2009

OPEN SESSION:  8:00 a.m. – 5:30 p.m.:  Carriage House
MORNING SESSION—Inv�ted	presentat�ons:	agency	perspect�ves,	summa-
r�es,	and	plans	for	weather	research	and	research-to-operat�ons	act�v�t�es

8:00	a.m.	 Welcome,	Introduct�on,	Purpose	of	Workshop	
	 	 Walt	Dabberdt,	cha�r
	 	 chr�s	elfr�ng,	BAsc	D�rector
	 	 susan	Avery,	WHoI	Pres�dent	and	D�rector

E 

Agenda for the 2009 BASC 
Summer Study Workshop
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8:30	a.m.	 nsF	 steve	nelson
	 	 nat�onal	sc�ence	Foundat�on

8:50	a.m.	 noAA	nat�onal	Weather	serv�ce	 Don	Berchoff,	D�rector
	 	 office	of	sc�ence	and	technology

9:10	a.m.	 oFcM	 sam	W�ll�amson,
	 	 Federal	coord�nator	for	Meteorology

9:30	a.m.	 nAsA	 Luc�a	tsaouss�,	Deputy	D�rector
	 	 Research	&	Analys�s	Program,	earth-sun	system	D�v�s�on

9:50	a.m.	 DoD	 RADM	Dav�d	t�tley,
	 	 oceanographer	of	the	navy	and	Head,
	 	 naval	oceanography	and	Meteorology	command

10:10	a.m.		Break

10:40	a.m.	 A	Retrospect�ve	Assessment	of	the	(extramural)		 R�t	carbone,
	 UsWRP	 sc�ence	Adv�sor,	ncAR

11:00	a.m. Weather	sc�ence	and	Appl�cat�ons	 R�ck	Anthes,	Pres�dent
	 from	the	Decadal	survey	 UcAR

11:20	a.m.	 Internat�onal	Perspect�ve		 Mel	shap�ro,
	 	 Un�vers�ty	of	colorado

11:40	a.m.	 Weather	Research	and	operat�ons:	challenges	 cl�ff	Mass,
	 Un�vers�ty	of	Wash�ngton

noon	 Continued Discussion of Weather Research Challenges
 Over LUNCH in the Main House

AFTERNOON SESSION—the	 afternoon	 sess�on	 w�ll	 cons�st	 of	 five	 panel	
d�scuss�ons	 �n	 top�cal	 areas	 correspond�ng	 to	 the	five	Day-2	work�ng	group	
themes.	each	panel	w�ll	be	composed	of	three	�nv�ted	workshop	part�c�pants.
Session Moderators: Curtis Marshall and Toby Warden

1:00	p.m.		 soc�oeconom�c	Impacts
•	 B�ll	Hooke,	Amer�can	Meteorolog�cal	soc�ety
•	 Robert	Meyer,	Un�vers�ty	of	Pennsylvan�a
•	 Rebecca	Morss,	ncAR

1:45	p.m.	 observat�ons/Data	Ass�m�lat�on/Model	Development
•	 chr�s	Dav�s,	ncAR
•	 Dave	McLaughl�n,	Un�vers�ty	of	Massachusetts
•	 Xub�n	Zeng,	Un�vers�ty	of	Ar�zona
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2:30	p.m.	 Very	H�gh	Impact	Weather
•	 shuy�	chen,	Un�vers�ty	of	M�am�
•	 Greg	Forbes,	the	Weather	channel
•	 Frank	Marks,	AoML	Hurr�cane	Research	D�v�s�on		

3:15	p.m.	 Break

3:45	p.m.	 Quant�tat�ve	Prec�p�tat�on	and	Hydrolog�c	Pred�ct�ons
•	 R�t	carbone,	ncAR
•	 efi	Foufoula-Georg�ou,	Un�vers�ty	of	M�nnesota
•	 Matt	Parker,	north	carol�na	state	Un�vers�ty

4:30	p.m.	 the	Un�que	challenges	of	topography	and	Urban�zat�on
•	 Petra	Kle�n,	Un�vers�ty	of	oklahoma
•	 Ron	sm�th,	Yale	Un�vers�ty
•	 John	snow,	Un�vers�ty	of	oklahoma

5:15	p.m.	 	Work�ng	Groups:	Meet	Br�efly	for	Introduct�ons	and		
D�scuss�on

5:30	p.m.	 	Continued Discussion of Working Group Tasks over  
DINNER:

 Main House/Grounds

Wednesday, July 22, 2009

OPEN SESSION:  8:00 a.m. – 5:00 p.m.: Carriage House

8:00	a.m.	 complet�ng	Your	nRc	travel	expense	Report
R�ta	Gask�ns,

Adm�n�strat�ve	coord�nator

8:05	a.m.	 Br�ef	Descr�pt�on	of	Day’s	events
•	 cha�r	g�ves	the	charge	to	the	Work�ng	Groups
•	 Rev�ew	of	“Work�ng	Document”
•	 Part�c�pants	ra�se	quest�ons	about	the	process

8:20	a.m.	 	Provocateurs	�ssue	challenge	to	work�ng	groups	(5	m�n-
utes	each)

•	 soc�oeconom�c:	Gene	takle,	Iowa	state	Un�vers�ty
•	 observat�ons/Data	 Ass�m�lat�on/Model	 Develop-

ment:	Isaac	Held,	GFDL
•	 Very	H�gh	Impact	Weather:	R�ck	Anthes,	UcAR
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•	 Quant�tat�ve	Prec�p�tat�on	and	Hydro	Pred�ct�ons:	
cl�ff	Mass,	Un�vers�ty	of	Wash�ngton

•	 topography	 and	 Urban�zat�on:	 Len	 P�etrafesa,	
north	carol�na	state	Un�vers�ty

8:45	a.m.	 	Work�ng	Groups	convene	to	Address	the�r	charge.	Break-
out	Rooms	tBA

noon		 	Working Groups continue discussion over LUNCH in the 
Main House

1:00	p.m.	 Plenary:	 All	 Part�c�pants	 Reconvene	 �n	 the	 carr�age	
House

•	 Work�ng	 Group	 co-Leaders	 present	 the�r	 “find-
�ngs”	(~15	m�n	each).

•	 Provocateurs	challenge	or	re�nforce	the	find�ngs

2:45	p.m.	 General	D�scuss�on
•	 Where	do	we	go	now?
•	 Lessons	learned
•	 Reflect�ons	on	key	�ssues/quest�ons
•	 next	steps	�n	the	comm�ttee’s	report/study	process

3:30	Break

3:45	p.m.	 Work�ng	Groups	Reconvene
•	 Refine	the�r	find�ngs
•	 complete	mater�als	(“work�ng	document”)
•	 Make	plans	to	complete	any	further	�nput	to	study	

comm�ttee

5:00		p.m.			 Workshop Adjourns
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R�ck	Anthes,	UCAR
Don	Berchoff,	University of Arizona
How�e	Blueste�n,	University of Oklahoma
Laura	Bond,	Navy
Anton�o	Busalacch�,	University of Maryland
Paula	Dav�dson,	NOAA/NWS
chr�s	Dav�s,	NCAR
J�m	Doyle,	Los Alamos National Laboratory
t�m	Dye,	Sonoma Technologies
Pamela	emch,	Northrup Grumman
John	Gaynor,	NOAA/OAR
Isaac	Held,	Princeton University
B�ll	Hooke,	American Meteorological Society
Petra	Kle�n,	University of Oklahoma
Heather	Lazrus,	University of Oklahoma
Jeff	Lazo,	UCAR
sandra	Kn�ght,	NOAA/OAR
Frank	Marks,	NOAA/OAR
cl�fford	Mass,	University of Washington
t�m	Mcclung,	NOAA/NWS
Dave	McLaughl�n,	University of Massachusetts
Robert	Meyer,	University of Pennsylvania
steve	nelson,	NSF
steve	nesb�tt,	University of Illinois
Matt	Parker,	North Carolina State University
Roger	P�erce,	NOAA/OAR
Len	P�etrafesa,	North Carolina State University
Brenda	Ph�l�ps,	University of Massachusetts
Yvette	R�chardson,	Pennsylvania State University

F 
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Pedro	Restrepo,	NOAA/NWS
Mel	shap�ro,	UCAR
Ron	sm�th,	Yale University
soroosh	soroosh�an,	UC Irvine
Gene	takle,	Iowa State University
Dav�d	t�tley,	United States Navy
Jeff	trapp,	Purdue University
Luc�a	tsaouss�,	NASA
Morr�s	We�sman,	NCAR
Bob	Weller,	Woods Hole Oceanographic Institute
sam	W�ll�amson,	OFCM
Hugh	W�lloughby,	Florida International University
M�ng	Xue,	University of Oklahoma
Dusan	Zm�c,	NOAA/OAR

Committee

Walter	Dabberdt,	Chair,	Vaisala
R�t	carbone,	NCAR
shuy�	chen,	University of Miami
Greg	Forbes,	The Weather Channel
efi	Foufoula-Georg�ou,	University of Minnesota
Rebecca	Morss,	NCAR
John	snow,	University of Oklahoma
Xub�n	Zeng,	University of Arizona

Staff

chr�s	elfr�ng
toby	Warden
R�ta	Gask�ns
Laur�e	Geller
curt�s	Marshall
Martha	Mcconnell
Lauren	Brown
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Walter F. Dabberdt (Chair),	 Walter	 F.	 Dabberdt	 rece�ved	 a	 B.s.	 degree	
(mar�ne	transportat�on	and	meteorology)	from	the	state	Un�vers�ty	of	new	
York	Mar�t�me	college	and	M.s.	and	Ph.D.	degrees	(meteorology)	from	the	
Un�vers�ty	of	W�scons�n–Mad�son.	He	went	on	to	conduct	meteorolog�cal	
and	a�r	qual�ty	research	for	15	years	at	stanford	Research	Inst�tute	as	a	se-
n�or	research	meteorolog�st,	followed	by	15	years	at	the	nat�onal	center	for	
Atmospher�c	Research	(ncAR)	as	sc�ent�st,	fac�l�ty	manager,	and	assoc�ate	
d�rector.	For	 the	past	10	years,	he	has	been	d�rector	of	 strateg�c	 research	
and	ch�ef	sc�ence	officer	for	the	Va�sala	Group.	Dabberdt	was	awarded	a	
postdoctoral	 fellowsh�p	 from	 the	 nat�onal	 Research	 counc�l	 (nRc)	 and	
later	a	research	fellowsh�p	from	the	Alexander	von	Humboldt	Foundat�on	
�n	 Germany.	 H�s	 profess�onal	 �nterests	 and	 exper�ence	 �nclude	 terrestr�al	
observ�ng	systems;	boundary-layer	and	mesoscale	meteorology,	a�r	qual�ty,	
and	urban-scale	meteorology	and	d�spers�on.	He	has	served	on	numerous	
nat�onal	and	�nternat�onal	panels	and	comm�ttees,	and	currently	serves	as	
a	 member	 of	 the	 nat�onal	 Academy	 of	 sc�ences’	 Board	 on	 Atmospher�c	
sc�ences	and	cl�mate	(BAsc);	board	cha�r	of	the	env�ronmental	Pred�ct�on	
�n	canad�an	c�t�es	(eP�cc)	research	program;	cha�r	of	the	Industr�al	Adv�-
sory	Board	of	the	mult�un�vers�ty	collaborat�ve	and	Adapt�ve	sens�ng	of	the	
Atmosphere	eng�neer�ng	Research	center;	cha�r	of	the	ncAR	earth	observ-
�ng	Laboratory’s	external	Adv�sory	comm�ttee;	member	of	the	Internat�onal	
sc�ence	 steer�ng	 comm�ttee	 for	 the	 World	 Meteorolog�cal	 organ�zat�on	
GAW	Urban	Research	Meteorology	and	env�ronment	shangha�	A�r	Qual�ty	
Forecast�ng	Program;	and	co-cha�r	of	the	nat�onal	ocean�c	and	Armospher�c	
Adm�n�strat�on	(noAA)	sc�ence	Adv�sory	Board	env�ronmental	Informat�on	
serv�ces	Work�ng	Group.	Dabberdt	�s	a	fellow	and	past	pres�dent	(2008)	of	
the	Amer�can	Meteorolog�cal	soc�ety	and	�s	a	fellow	of	the	Royal	Meteo-
rolog�cal	soc�ety.	He	was	also	recogn�zed	as	a	l�fet�me	nat�onal	assoc�ate	
of	nRc.

G 

Biographical Sketches of 
Committee Members and Staff
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Richard	 (Rit)	E. Carbone	 �s	a	 sen�or	 sc�ent�st	 and	 sc�ence	adv�sor	 for	 the	
earth	observ�ng	Laboratory	at	the	nat�onal	center	for	Atmospher�c	Research	
�n	Boulder,	colorado.	He	has	authored	more	than	100	scholarly	works.	A	
p�oneer	�n	Doppler	radar,	he	has	publ�shed	on	phys�cal	processes	�n	clouds	
and	storms,	topograph�cally	�nfluenced	c�rculat�ons,	pred�ctab�l�ty	of	warm-
season	ra�nfall,	convect�on	on	trop�cal	�slands,	and	severe	storms.	Mr.	car-
bone	led	the	U.s.	Weather	Research	Program	unt�l	1999.	He	founded	and	
cha�red	the	World	Meteorolog�cal	organ�zat�on’s	World	Weather	Research	
Programme	(Geneva)	from	1996	to	2001	and	served	as	v�ce	pres�dent	for	
the	 Internat�onal	 Assoc�at�on	 for	 Meteorology	 and	 Atmospher�c	 sc�ences	
of	 the	Internat�onal	Un�on	of	Geodesy	&	Geophys�cs.	He	earned	an	s.M.	
(atmospher�c	phys�cs,	1969)	at	the	Un�vers�ty	of	ch�cago	and	was	elected	
a	 fellow	 of	 the	 Amer�can	 Meteorolog�cal	 soc�ety	 �n	 1994.	 Among	 other	
honors,	�n	2001,	Mr.	carbone	rece�ved	the	cleveland	Abbe	Award	for	D�s-
t�ngu�shed	serv�ce	to	Atmospher�c	sc�ence	by	an	Ind�v�dual.	He	was	c�ted	
for	“bu�ld�ng	consensus	�n	the	weather	research	commun�ty	on	problems	of	
major	nat�onal	and	�nternat�onal	�mportance,	and	for	foster�ng	the	conduct	of	
collaborat�ve	and	coord�nated	weather	research.”	He	�s	also	the	rec�p�ent	of	
the	ncAR	Publ�cat�on	Pr�ze	�n	2002	“Inferences	of	pred�ctab�l�ty	assoc�ated	
w�th	warm	season	prec�p�tat�on	ep�sodes.”	

Shuyi S. Chen	�s	a	professor	of	meteorology	and	phys�cal	oceanography	at	
the	Rosenst�el	school	of	Mar�ne	and	Atmospher�c	sc�ence	(RsMAs)	of	the	
Un�vers�ty	of	M�am�.	Professor	chen	 �s	a	w�dely	publ�shed	author	whose	
research	�nterests	�nclude	mesoscale	and	trop�cal	meteorology,	a�r–sea	�n-
teract�ons,	h�gh-resolut�on	coupled	atmosphere–wave–ocean	model�ng	of	
trop�cal	cyclones,	and	numer�cal	weather	pred�ct�on.	she	served	as	an	ed�tor	
for	Weather and Forecasting	journal	of	the	Amer�can	Meteorolog�cal	soc�ety.	
Professor	chen	leads	a	research	group	at	RsMAs/UM	that	has	developed	a	
h�gh-resolut�on,	 fully	coupled	atmosphere–wave–ocean,	vortex-follow�ng,	
nested-gr�ds	 model	 for	 hurr�cane	 research	 and	 pred�ct�on.	 these	 efforts	
contr�bute	 d�rectly	 to	 the	 development	 of	 the	 next-generat�on	 hurr�cane	
forecast�ng	models.	Professor	chen	�s	a	lead	sc�ent�st	for	the	coupled	Bound-
ary	Layer	A�r-sea	transfer	(cBLAst)-Hurr�cane	model�ng	team	sponsored	by	
the	office	of	naval	Research.	she	�s	also	a	lead	pr�nc�pal	 �nvest�gator	 for	
the	nat�onal	sc�ence	Foundat�on–funded	Hurr�cane	Ra�nbands	and	Inten-
s�ty	change	exper�ment	(RAIneX)	that	used	three	Doppler	radar	a�rcraft	to	
collect	unprecedented	�n	s�tu	data	�n	hurr�canes	Katr�na,	R�ta,	and	ophel�a	
dur�ng	the	2005	hurr�cane	season.	currently	she	�s	a	lead	sc�ent�st	for	one	
of	 the	 largest	 �nternat�onal	programs	 to	study	 the	 trop�cal	cyclones	 �n	 the	
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West	Pac�fic.	Her	 research	has	 rece�ved	broad	nat�onal	and	 �nternat�onal	
recogn�t�on.	she	was	�nv�ted	by	the	nat�onal	Academy	of	eng�neer�ng	to	be	a	
keynote	speaker	at	the	Indo-U.s.	Front�ers	sympos�um	�n	2006	and	recently	
was	a	keynote	speaker	at	the	F�rst	U.s.-ch�na	sympos�um	on	Meteorology	�n	
2008.	In	2006,	Professor	chen	was	awarded	the	nAsA	Group	Ach�evement	
Award.	Professor	chen	served	on	a	panel	of	experts	for	the	congress�onal	
Br�efing	on	the	nat�onal	Hurr�cane	In�t�at�ve	at	the	U.s.	House	and	senate	�n	
July	2007.	she	test�fied	as	a	w�tness	at	the	Jo�nt	Hear�ng	on	the	state	of	Hur-
r�cane	Research	and	the	nat�onal	Hurr�cane	Research	In�t�at�ve	Act	of	2007,	
before	the	subcomm�ttee	on	energy	and	env�ronment	and	the	subcomm�ttee	
on	Research	and	sc�ence	educat�on,	comm�ttee	on	sc�ence	and	technology	
of	Un�ted	states	House	of	Representat�ves	on	June	26,	2008.	Dr.	chen	re-
ce�ved	her	Ph.D.	�n	meteorology	from	Pennsylvan�a	state	Un�vers�ty	�n	1990.	

Gregory S. Forbes	 �s	 a	 severe	 weather	 expert	 for	 the	 Weather	 channel,	
Inc.	Dr.	Forbes	deals	w�th	dangerous	 thunderstorm	weather	hazards	such	
as	tornadoes,	damag�ng	w�nds,	ha�l,	floods,	and	l�ghtn�ng.	He	rece�ved	h�s	
Ph.D.	at	the	Un�vers�ty	of	ch�cago,	where	he	stud�ed	tornadoes	and	severe	
thunderstorms	under	Prof.	t.	theodore	Fuj�ta—world	famous	for	h�s	�nven-
t�on	of	the	F-scale	used	to	rate	tornadoes	and	for	h�s	d�scovery	of	�ntense	
thunderstorm	downdrafts	called	m�crobursts.	Dr.	Forbes	served	as	field	man-
ager	for	Project	nIMRoD,	the	first	measurement	program	to	study	damag�ng	
thunderstorm	w�nds	from	downbursts	and	m�crobursts.	He	then	jo�ned	the	
faculty	�n	the	Department	of	Meteorology	at	Pennsylvan�a	state	Un�vers�ty	
�n	1978,	where	as	ass�stant	and	then	assoc�ate	professor	he	taught	courses	
�n	weather	analys�s	and	forecast�ng,	natural	d�sasters,	and	other	top�cs	unt�l	
jo�n�ng	the	Weather	channel,	Inc.,	�n	June	1999.	Dr.	Forbes	has	had	a	va-
r�ety	of	exper�ences	outs�de	the	classroom,	�nclud�ng	survey�ng	the	damage	
paths	left	by	about	300	tornadoes	and	w�ndstorms,	among	them	Hurr�cane	
Andrew	and	typhoon	Paka.	He	has	done	collaborat�ve	research	and	con-
sult�ng	w�th	the	nat�onal	Weather	serv�ce	�n	the	Un�ted	states	and	w�th	the	
nat�onal	weather	serv�ces	�n	south	Afr�ca,	spa�n,	and	the	netherlands.	He	
spent	three	summers	perform�ng	stud�es	to	�mprove	l�ghtn�ng	forecast�ng	at	
the	Kennedy	space	center.	He	has	wr�tten	numerous	papers	on	tornadoes,	
severe	thunderstorms,	and	other	meteorolog�cal	top�cs	and	has	co-authored	
and	co-ed�ted	two	books:	Natural and Technological Disasters	and	Images 
in Weather Forecasting,	 the	 latter	of	wh�ch	deals	w�th	 the	use	of	 satell�te	
and	radar	�magery	�n	weather	forecast�ng.	He	�s	a	fellow	of	the	Amer�can	
Meteorolog�cal	soc�ety,	a	member	of	 the	Board	on	Atmospher�c	sc�ences	
and	 cl�mate	 of	 the	 nat�onal	 Academy	 of	 sc�ences,	 on	 the	 Internat�onal	
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ed�tor�al	Board	of	the	International Journal of Meteorology;	on	the	Board	of	
D�rectors	of	struckByL�ghtn�ng.org.

Efi Foufoula-Georgiou	�s	a	Un�vers�ty	of	M�nnesota	McKn�ght	D�st�ngu�shed	
Professor	�n	the	Department	of	c�v�l	eng�neer�ng	and	the	Joseph	t.	and	Rose	s.	
L�ng	cha�r	�n	env�ronmental	eng�neer�ng.	she	�s	d�rector	of	a	nat�onal	sc�-
ence	Foundat�on	 (nsF)	sc�ence	and	technology	center—nat�onal	center	
for	earth-surface	Dynam�cs—and	has	served	as	d�rector	of	st.	Anthony	Falls	
Laboratory	at	the	Un�vers�ty	of	M�nnesota.	she	rece�ved	a	d�ploma	�n	c�v�l	
eng�neer�ng	from	the	nat�onal	techn�cal	Un�vers�ty	of	Athens,	Greece,	and	
an	M.s.	and	Ph.D.	(1985)	 �n	env�ronmental	eng�neer�ng	from	the	Un�ver-
s�ty	of	Flor�da.	Her	area	of	research	�s	hydrology	and	geomorphology,	w�th	
spec�al	 �nterest	 �n	 scal�ng	 theor�es,	 mult�scale	 dynam�cs,	 and	 space-t�me	
model�ng	of	prec�p�tat�on	and	landforms.	she	has	served	as	assoc�ate	ed�tor	
of	Water Resources Research, the	Journal of Geophysical Research, Advances 
in Water Resources, Hydrologic and Earth System Sciences,	and	as	ed�tor	
of	the	Journal of Hydrometeorology.	she	has	also	served	on	many	nat�onal	
and	�nternat�onal	adv�sory	boards	�nclud�ng	the	Water	sc�ence	and	technol-
ogy	Board,	nsF,	nat�onal	Aeronaut�cs	and	space	Adm�n�strat�on	 (nAsA),	
and	european	Un�on	adv�sory	panels,	and	�n	several	nRc	stud�es.	she	has	
also	served	as	the	cha�r	of	the	Board	of	D�rectors	for	cUAHsI	(consort�um	
of	 Un�vers�t�es	 for	 the	Advancement	 of	 Hydrolog�c	 sc�ences),	 a	 member	
of	the	Board	of	trustees	of	UcAR	(Un�vers�ty	corporat�on	for	Atmospher�c	
Research),	and	a	member	of	the	Adv�sory	counc�l	of	the	Geo	d�rectorate	
of	nsF.	Professor	Foufoula	has	been	the	rec�p�ent	of	the	John	Dalton	Medal	
of	the	european	Geophys�cal	soc�ety	and	the	Amer�can	Geophys�cal	Un�on	
(AGU)	 Hydrolog�c	 sc�ences	Award.	 she	 �s	 a	 fellow	 of	 the	AGU	 and	 the	
Amer�can	Meteorolog�cal	soc�ety,	and	a	member	of	the	european	Academy	
of	sc�ences.

Rebecca E. Morss	 �s	a	sc�ent�st	III	at	the	nat�onal	center	for	Atmospher�c	
Research	(ncAR)	�n	Boulder,	colorado,	w�th	appo�ntments	�n	the	Mesoscale	
and	M�croscale	Meteorology	D�v�s�on	and	the	Integrated	sc�ence	Program.	
she	 stud�es	meteorolog�cal,	 soc�oeconom�c,	and	publ�c	pol�cy	aspects	of	
weather	forecasts,	floods,	hurr�canes,	and	related	top�cs.	Her	recent	research	
�ncludes	stud�es	of	the	use	of	weather	and	cl�mate	�nformat�on	�n	dec�s�on	
mak�ng,	meteorolog�cal	and	oceanograph�c	observ�ng	network	des�gn,	scale	
�nteract�ons	�n	atmospher�c	pred�ctab�l�ty,	and	commun�cat�on	of	uncerta�nty	
�n	weather	forecasts.	through	d�sc�pl�nary	and	�nterd�sc�pl�nary	work,	she	
a�ms	to	�ntegrate	atmospher�c	sc�ence,	soc�oeconom�c,	and	pol�cy	perspec-
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t�ves	 to	 prov�de	 �nformat�on	 for	 the	 benefit	 of	 soc�ety.	 Dr.	 Morss	 led	 the	
�n�t�al	development	of	the	soc�oeconom�c	component	of	the	�nternat�onal	
tHoRPeX	program	under	the	ausp�ces	of	the	World	Meteorolog�cal	orga-
n�zat�on.	she	�s	also	a	found�ng	member	of	ncAR’s	collaborat�ve	Program	
on	the	soc�etal	Impacts	and	econom�c	Benefits	of	Weather	Informat�on	and	
the	Weather	and	soc�ety*Integrated	stud�es	program.	Among	other	act�v�t�es,	
she	currently	serves	on	the	noAA	sc�ence	Adv�sory	Board	env�ronmental	
Informat�on	serv�ces	Work�ng	Group,	and	�n	2008	she	was	elected	to	the	
counc�l	of	the	Amer�can	Meteorolog�cal	soc�ety.	she	rece�ved	a	B.A.	from	
the	Un�vers�ty	of	ch�cago	and	a	Ph.D.	�n	atmospher�c	sc�ence	from	the	Mas-
sachusetts	Inst�tute	of	technology.

John T. Snow	�s	Regents’	Professor	of	Meteorology,	dean	of	the	college	of	
Atmospher�c	and	Geograph�c	sc�ences,	and	adm�n�strator	of	 the	nat�onal	
Weather	center.	Dr.	snow’s	current	profess�onal	�nterest	�s	�n	earth	system	
sc�ence,	the	�ntegrat�on	of	the	best	ava�lable	knowledge	from	the	earth	and	
l�fe	sc�ences	to	prov�de	a	hol�st�c	p�cture	of	how	the	world	works.	H�s	pr�-
mary	research	area	for	many	years	has	been	�n	the	dynam�cs	of	columnar	
vort�ces,	rang�ng	�n	scale	from	small	dust	dev�ls	to	tornadoes.	Dr.	snow’s	sec-
ond	area	of	research	�s	�n	meteorolog�cal	and	env�ronmental	measurements.	
He	has	publ�shed	w�dely	�n	these	and	related	areas,	and	made	numerous	
presentat�ons	at	profess�onal	and	sc�ent�fic	meet�ngs.	Dr.	snow	�s	a	fellow	
of	both	the	Amer�can	Meteorolog�cal	soc�ety	and	the	Royal	Meteorolog�cal	
soc�ety	of	the	Un�ted	K�ngdom.	He	�s	a	cert�fied	consult�ng	meteorolog�st.	
He	recently	fin�shed	serv�ng	on	the	noAA	sc�ence	Adv�sory	Board.

Xubin Zeng	�s	a	professor	of	atmospher�c	sc�ence	(s�nce	2004)	and	d�rector	
of	 the	 cl�mate	 Dynam�cs	 and	 Hydrometeorology	 center	 (s�nce	 2008)	 at	
the	Un�vers�ty	of	Ar�zona	�n	tucson.	Zeng’s	research	�n	the	past	20	years,	
through	 over	 100	 peer-rev�ewed	 publ�cat�ons,	 has	 covered	 atmospher�c	
turbulence	(theory,	parameter�zat�on,	�ts	�nteract�on	w�th	clouds	and	rad�a-
t�on,	and	large-eddy	s�mulat�ons),	mesoscale	model�ng	of	atmospher�c	flow	
over	complex	terra�n,	chaos	theory	and	�ts	appl�cat�ons	to	the	atmosphere,	
global	 land–atmosphere	 �nteract�ons,	 ocean–atmosphere	 �nteract�ons,	 sea	
�ce–atmosphere	�nteract�ons,	monsoon	dynam�cs,	remote	sens�ng,	and	most	
recently,	 nonl�near	 dynam�cs	 of	 vegetat�on.	 In	 the	 past	 10	 years,	 he	 has	
focused	on	the	land–atmosphere–ocean–sea-�ce	�nterface	processes	of	the	
earth’s	cl�mate	system	by	�ntegrat�ng	global	model�ng	w�th	remote	sens�ng	
and	�n	s�tu	data.	He	has	acted	as	a	br�dge	l�nk�ng	the	remote	sens�ng	and	
field	 exper�ment	 commun�ty	 to	 the	 weather	 and	 cl�mate	 model�ng	 com-
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mun�ty.	He	has	g�ven	over	70	�nv�ted	talks	at	conferences	and	�nst�tut�ons.	
H�s	research	products	(�nclud�ng	models,	algor�thms,	and	value-added	da-
tasets)	have	been	used	worldw�de	by	numerous	groups	(�nclud�ng	ncAR,	
the	nat�onal	centers	for	env�ronmental	Pred�ct�on,	the	european	centre	for	
Med�um-Range	Weather	Forecasts).	He	recently	served	on	the	nAsA	earth	
sc�ence	sen�or	Rev�ew	Panel	and	the	nRc	comm�ttee	on	the	noAA	Data	
Arch�ve	and	Access.	currently	he	serves	on	the	counc�l	(govern�ng	body)	
of	 the	 Amer�can	 Meteorolog�cal	 soc�ety,	 the	 nat�onal	 Academ�es	 Board	
on	Atmospher�c	 sc�ences	 and	 cl�mate	 (BAsc),	 and	 Internat�onal	 cLIVAR	
As�an-Austral�an	Monsoon	Panel.	He	�s	also	the	ed�tor	of	Advances in Atmo-
spheric Sciences	and	co-cha�rs	the	sc�ent�fic	steer�ng	comm�ttee,	state	Key	
Laboratory	of	Atmospher�c	Boundary	Layer	Phys�cs	and	chem�stry,	ch�nese	
Academy	of	sc�ences.	Zeng	earned	h�s	Ph.D.	�n	atmospher�c	sc�ences	from	
colorado	state	Un�vers�ty	�n	1992.

NRC Staff

Curtis H. Marshall �s	currently	the	nat�onal	Mesonet	Program	manager	at	
the	nat�onal	Weather	serv�ce.	Pr�or	to	h�s	pos�t�on	at	the	nWs,	curt�s	was	a	
sen�or	program	officer	w�th	BAsc.	He	rece�ved	B.s.	(1995)	and	M.s.	(1998)	
degrees	 �n	 meteorology	 from	 the	 Un�vers�ty	 of	 oklahoma,	 and	 a	 Ph.D.	
(2004)	�n	atmospher�c	sc�ence	from	colorado	state	Un�vers�ty.	H�s	doctoral	
research,	 wh�ch	 exam�ned	 the	 �mpact	 of	 anthropogen�c	 land-use	 change	
on	the	mesoscale	cl�mate	of	the	Flor�da	pen�nsula,	was	featured	�n	Nature	
and	The New York Times.	Pr�or	to	jo�n�ng	the	staff	of	BAsc	�n	2006,	he	was	
employed	as	a	research	sc�ent�st	at	noAA.	As	a	BAsc	program	officer,	he	
d�rected	peer	 rev�ews	 for	 the	U.s.	cl�mate	change	sc�ence	Program	and	
staffed	 stud�es	 on	 mesoscale	 meteorolog�cal	 observ�ng	 systems,	 weather	
radar,	 the	nPoess	spacecraft,	and	 the	 �mpacts	of	cl�mate	change	on	hu-
man	health.

Toby Warden	�s	an	assoc�ate	program	officer	w�th	the	nat�onal	Academ�es	
and	serves	w�th�n	BAsc.	she	rece�ved	a	Ph.D.	 �n	soc�al	ecology,	w�th	an	
emphas�s	on	env�ronmental	analys�s	and	des�gn,	from	the	Un�vers�ty	of	cal�-
forn�a,	Irv�ne.	Her	doctoral	research	focused	on	the	U.s.	Mayors’	cl�mate	
Protect�on	Agreement.
 
Maggie Walser	 �s	a	program	officer	w�th	BAsc.	Pr�or	to	jo�n�ng	the	nRc,	
she	 was	 the	 AGU/AAAs	 congress�onal	 sc�ence	 and	 eng�neer�ng	 Fellow,	
work�ng	 w�th	 the	 major�ty	 staff	 of	 the	 senate	 comm�ttee	 on	 energy	 and	
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natural	Resources.	Magg�e	rece�ved	B.s.	degrees	�n	chem�stry	and	chem�cal	
eng�neer�ng	from	the	Un�vers�ty	of	cal�forn�a,	Irv�ne.	she	also	completed	her	
Ph.D.	�n	chem�stry	at	the	Un�vers�ty	of	cal�forn�a,	Irv�ne.	Her	research	fo-
cused	on	the	compos�t�on	and	photochem�stry	of	secondary	organ�c	aerosol,	
as	well	as	measurement	of	b�ogen�c	em�ss�ons	of	atmospher�cally	relevant	
trace	gases.

Lauren Brown	�s	a	research	assoc�ate	and	former	M�rzayan	sc�ence	and	tech-
nology	Pol�cy	Fellow	w�th	the	Polar	Research	Board	and	BAsc.	she	�s	com-
plet�ng	her	M.s.	degree	�n	mar�ne	stud�es	w�th	a	concentrat�on	�n	phys�cal	
ocean	sc�ence	and	eng�neer�ng	at	the	Un�vers�ty	of	Delaware.	Her	research	
�nvolves	the	analys�s	of	t�dal	currents,	veloc�ty	structure,	and	ocean	phys�cs	
off	the	coast	of	northwestern	Greenland	to	determ�ne	the�r	�nfluence	on	the	
larger	reg�onal	dynam�cs.	she	holds	a	B.A.	from	the	Un�vers�ty	of	Delaware	
�n	phys�cs	and	astronomy.	she	�s	espec�ally	�nterested	�n	h�gh-lat�tude	pol�cy	
�ssues	and	the	role	of	the	polar	reg�ons	�n	global	cl�mate	change.

JaNeise Sturdivant	�s	a	program	ass�stant	for	BAsc.	s�nce	jo�n�ng	BAsc	�n	
2009,	she	has	worked	on	stud�es	and	workshops	�nvolv�ng	greenhouse	gas	
em�ss�ons,	cl�mate	cho�ces,	and	weather	stud�es.	Ms.	sturd�vant	�s	�nterested	
�n	commun�cat�ons.
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