On the Appropriateness
of Spectral Nudging in
Regional Climate
Models

Christopher L. Castro
Department of Atmospheric Sciences
University of Arizona
Tucson, Arizona, USA

Seminar

+45°

+40°

+350

+30°

+20

+5(—)130 -‘120 _:11?’0 1(?0_ __-90 - 80

-70°

Dynamically Downscaled
IPCC model (HadCM3)
July precipitation using WRF
with spectral nudging

Arizona State University
Tempe, Arizona

April 7, 2010

THE UNIVERSITY OF ARIZONA.

ATMOSPHERIC

SCIENCES

UASCIENCE




Presentation Outline

Motivation and background

Original lessons from a RCM experiment investigating the summer of
1993 with RAMS and CLM

How we have applied these results to our current RCM dynamical
downscaling activities to produce seasonal climate forecasts and climate

change projections with WRF

Conclusions and general implications for RCM experimental design

Acknowledgments:

Collaborators: Francina Dominguez and Hsin-I Chang (U. Arizona), Burkhardt
Rockel and Hans von Storch (GKSS), Giovanni Leoncini (U. of Reading), Roger A.
Pielke Sr. (U. of Colorado) and Gonzalo Miguez-Macho (U. of Santiago de
Compostela).

Funding support: NOAA, NSF, and U.S. Dept. of Defense.



web (@) MSNEC

We are being charged to use
modeling tools to address issues of
major societal importance!

Make MSMEC ¥our Homepage | MSN Home | Hotmail | Sign In

Home »» 10.S, News »» Environment

Spestrum of News

Video

U.S, News

Crime &
Funishment

L5, Life

U5, Security
Education
Emronment
Race & Ethnidby

Charity Mews

Qnly on
MSMBC.com

PecLliar Postings
Politics

World News
Business
Sports
Entertainment
Health

Tech / Science

msn*’

sponsored by pH_| LiF'!'_-

Scientists predict Southwest mega-drought
Climate models indicate region will be as dry as Dust Bowl for decades

David Mcnew [ Getty Images

A& bleached "bathtub ring," the
result of a six-year drought that
has dramatically dropped the
level of the reservoir, shows on
red Mavajo sandstone formations
near Last Chance Bay at Lake
Powell near Page, Ariz. Lake
Powell and the next biggest
Colorado River reservoir, the
nearly 100-year-old Lake Mead,
are at the lowest levels ever
recorded.
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Monthly average precipitation from IPCC models
during the previous century
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Dynamical Downscaling Types

from Castro et al. (2005)

TYPE 1: remembers real-world conditions through the

initial and lateral boundary conditions

TYPE 2: initial conditions in the interior of the model

dre “forgotizn” outtne latzral golncdary conditions
fzad real-world data into tne ragional mocds]

e —"

2
latzral gouncdary conditions. Thne gloozl mocds
orzcdiction inclucdas razal-world surface

T/{P= 3 gloval mocdzl orediction is useacd to crazie
J N

TYPE 4: Global model run with no prescribed
internal forcings. Couplings among the ocean-
land-continental ice-atmosphere are all predicted

Examples

Numerical
weather
prediction

Retrospective
sensitivity or process
studies using global
reanalyses

Seasonal
climate
forecasting

Climate
change
projection



Definition of RCM:

Initial conditions in the interior of the model
are “forgotten” but the lateral boundary
conditions feed data into the regional model

Type 2 dynamical downscaling and above



Some a priori expectations for RCM
dynamical downscaling
(Type 2 and above)

A RCM should:

1. Retain or enhance variability of larger-scale features provided
by the driving global model (i.e. those on the synoptic scale)

2. Add information on the smaller scale because of increase in
grid spacing, finer spatial scale data (e.g. terrain, landscape)
and possibly differences in model parameterized physics.

3. Add information that is actually of value, as demonstrated by
comparing RCM results with independent metrics (e.g.
observations for Type 2)
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A good test
case for a
RCM...
The Great

Flood of 1993
in central U.S.

Our RCM experiments
focused on the month
of May...look at results
after two weeks of
integration.




Regional Climate Model
Experiments and Methods

Castro et al. (2005)

Regional Atmospheric Modeling
System (RAMS)

NCEP Reanalysis lateral
boundary forcing.

Basic model experiments that
investigated sensitivity to
domain size and grid spacing
with standard lateral boundary
nudging only.

Follow on experiments that
investigated sensitivity to 4DDA
internal nudging.

Rockel et al. (2008)

CLM (or CCLM), climate version
of German weather service
COSMO model.

ECMWF ERA-40 Reanalysis
lateral boundary forcing

Repeat basic model experiments
of Castro et al. (2005)

Follow on experiments with
spectral nudging.



Figure 1. RAMS domains for model ser




Degradation of large-scale circulation features
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Quantitative analysis of value
retained by RCM at large scales

Compute 2-D power spectrum for a given model variable as a
function of wavelength (Errico 1985). Do for both RCM and driving
reanalysis.

Appropriate variable for large-scale: kinetic energy

Average power spectra of last 15 days of simulation.

Compute the ratio of average of the power spectra of RCM vs.
driving reanalysis.

Desired: RCM retains or adds value at the largest scales where the

driving GCM or reanalysis has information.

Undesired: RCM loses variability at the largest scales provided by
the driving GCM or reanalysis.
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Quantitative analysis of value
added by RCM at small scales

Compute 2-D power spectrum for a given model variable as a function of
wavelength (Errico 1985). Do for RCM with and without interior nudging.
Appropriate variable for small-scale: moisture flux convergence

Average power spectra of last 15 days of simulation.
Compute the ratio of average of the power spectra of RCM with interior
nudging vs. RCM with no interior nudging.

RAMS: Interior nudging at all wavelengths
CLM: Spectral nudging for largest wavelengths only

Desired: Interior nudging does not reduce variability at the smaller scales
where the RCM is adding information.

Undesired: Interior nudging reduces variability at the smaller scales.



Spectral nudging in brief
We apply at scales greater than 4Ax
of driving global model

Form of nudging coefficients for a given model variable in spectral domain:

e ikgp/ L
a m ijA/L, AikelL,
Ml O -af, (" e
j:_‘]a1k:_Ka
Ola (t) Fourier expansion coefficients of variable in driving
|,k
J; larger-scale model (a)

o m (t) Fourier expansion coefficients of variable in the
i :
J regional model (m)

77] k Nudging coefficient. Larger with increasing height.



Change in spectral power of KE and MFC
with internal nudging in RAMS

A

MORE
VARIABILITY
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Figure 9. Average fractional change in spectral power {AS(h)s,.) versus logy(k) and wavelength for

(2} column-averaged kinetic encrgy and (b) column wtegrated moisture flux convergence (MFCH,
Follow-on 1 {internal nud_{_zmg}. The dashed black line indicates &%, and the solid black line mdicates

kaf/“m koin units of m™ . Wavelength in units of m.

LESS
VARIABILITY

WITH INTERNAL WITH INTERNAL

<

Tradeoff of internal nudging at all wavelengths: weaken
variability at small scales where we want the regional
model to add information.
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Figure 6. Precipitation resulis from CLM simulations for the second half of May 1993 without and with
spectral nudging in the top and bottom rows, respectively.
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How have we applied these lessons to
produce seasonal climate forecasts and
climate change projections using WRF?

Assumption: exactly the same
behavior will exist for Type lll and
Type IV dynamical downscaling



Use of WRF for Downscaling
of CFS Reforecasts for Warm Season

The version of WRF we use is the Advanced Research WRF (ARW)

Model physical parameterizations consistent with those of the

existing WRF NWP System at UA. Use NARR soil moisture as an initial
condition.

Summer reforecasts specifically start at the beginning of April, May,
or June of the given year for period 1982-2000. WRF simulations
start at beginning of May or June and end in August. Only 3
ensemble members available per initialization period, unfortunately!

Data from NCEP reanalysis 2 is also being dynamically downscaled
to assess the performance of the RCM assuming “perfect”
boundary forcing.

The domain for these simulations covers the contiguous U.S. with a
grid spacing of 32 km.



A brief digression...

What do we need to get “right” in
simulating the warm season in
North America, in particular the North
American Monsoon?

Short answer:
Physical processes that encompass
both “large” and “small” scales






Madden - Julian
Oscillation
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Monsoon Interannual Variability

Idea: Atmospheric teleconnections that originate in the western Pacific (and
maybe other places) affect the distribution and amount of rainfall, especially

in the early part of the summer.
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So how does WRF perform for the
1993 case, with respect to type I
and Ill dynamical downscaling?
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Climatology of WRF-CFS downscaled
simulations with spectral nudging vs.
original CFS and observations
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A better representation of the diurnal
cycle of convection explains the
dramatic improvement in precipitation
by the RCM



Climatology of WRF-CFS downscaled
simulations with spectral nudging vs.
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Type 4 dynamical downscaling:
Use of WRF to make
climate change projections...
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(Francina Dominguez)

Example of WRF-simulated precipitation in July 2010. This
simulation uses the HadCM3 model as the driving GCM.
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Change in dynamically downscaled
precipitation in Arizona

Region 2 (Arizona)
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Conclusions

*The results for CLM reported in Rockel et al. (2008) are similar to
those found in the RAMS study by Castro et al. (2005) for basic
experiments using nudging only in a lateral boundary sponge
zone. In both models, there is a loss of large-scale variability with
increasing domain size and grid spacing.

sinternal nudging can alleviate loss of large-scale variability in
both RCMs.

» Spectral nudging yields less reduction in added variability of
the smaller scales than grid nudging and is therefore the
preferred approach in RCM dynamic downscaling. WRF
experiments confirm this for higher order downscaling types
(Types lll and V).

*Results suggest the effect to be largest for physical quantities in
the lower troposphere (e.g. moisture flux convergence, rainfall)



Additional comments

*The utility of all regional models in downscaling primarily is not
to add increased skill to the large-scale in the upper atmosphere,
rather the value added is to resolve the smaller-scale features
which have a greater dependence on the surface boundary.

However, the realism of these smaller-scale features needs to
be quantified, since they will be altered to the extent that they
are influenced by inaccurate downscaling of the larger-scale
features.

 Though spectral nudging currently presents the best “solution”
to ensure variability is retained on the large-scale, we don’t have
good explanations as to what causes the loss of variability at the
large-scales without it. Should be an area of future study...



