Geosci. Model Dev., 7, 14760 2014
www.geosci-model-dev.net/7/147/2014/
doi:10.5194/gmd-7-147-2014

© Author(s) 2014. CC Attribution 3.0 License.

$$900y uadQ

Influence of microphysical schemes on atmospheric water in the
Weather Research and Forecasting model

F. Cossd? and K. Hockel2

Linstitute of Applied Physics, University of Bern, Bern, Switzerland
20eschger Centre for Climate Change Research, University of Bern, Bern, Switzerland

Correspondence td:. Cossu (federico.cossu@iap.unibe.ch)

Received: 20 July 2013 — Published in Geosci. Model Dev. Discuss.: 9 September 2013
Revised: 2 December 2013 — Accepted: 4 December 2013 — Published: 28 January 2014

Abstract. This study examines how different microphysical 1 Introduction

parameterization schemes influence orographically induced

precipitation and the distributions of hydrometeors and wa-

ter vapour for midlatitude summer conditions in the WeatherAtmospheric processes that occur at spatial and temporal
Research and Forecasting (WRF) model. A high-resolutiorscales not resolved by global and regional climate models
two-dimensional idealized simulation is used to assess théGCMs and RCMs) are represented by means of physical pa-
differences between the schemes in which a moist air flow iga@meterizations (or schemes) based on several assumptions
interacting with a bell-shaped 2 km high mountain. Periodic@nd approximations. The drawback of using these simplified
lateral boundary conditions are chosen to recirculate atmoSchemes is the risk of introducing systematic errors, espe-
spheric water in the domain. It is found that the 13 selecteccially when long-term simulations are performed. This study
microphysical schemes conserve the water in the model dofocuses on the microphysical schemes, the parameterizations
main. The gain or loss of water is less than 0.81 % over aresponsible for computing atmospheric water vapour, cloud
simulation time interval of 61 days. The differences of the liquid water, cloud ice and various types of precipitation.
microphysical schemes in terms of the distributions of waterA correct representation of the microphysical processes is
vapour, hydrometeors and accumulated precipitation are prekrucial for long-term climate simulations. Clouds and wa-
sented and discussed. The Kessler scheme, the only scherff vapour modify the radiative properties of the atmosphere,
without ice-phase processes, shows final values of cloud ligWhile precipitation is one of the most important components
uid water 14 times greater than the other schemes. The difof the water cycle. Furthermore, microphysics parameteriza-
ferences among the other schemes are not as extreme, biigns affect the hydrological and energy budgets, especially
still they differ up to 79 % in water vapour, up to 10 times for RCMs that employ mass-conserving formulations of the
in hydrometeors and up to 64 % in accumulated precipita-model equations.

tion at the end of the simulation. The microphysical schemes [N our study we use the Weather Research and Forecast
also differ in the surface evaporation rate. The WRF single-Nd (WRF) model §kamarock et al.2008, a modern nu-
moment 3-class scheme has the highest surface evaporatigherical weather prediction (NWP) model. WRF was not de-
rate compensated by the highest precipitation rate. The difSigned for long-term climate simulations but it is nonethe-
ferent distributions of hydrometeors and water vapour of thel€ss widely used for regional climate downscaling, where the
microphysical schemes induce differences up to 49v¢ m output from a GCM is used to drive a RCM in higher spa-

in the downwelling shortwave radiation and up to 33W4m tial resolution to simulate local conditions in greater detail.

downscaling can be found @@ivati et al.(2012, where pre-
cipitation amounts simulated with WRF are compared with
measurements from a rain gauges network in Israel, show-
ing good agreemenfrgieso et al(2011) also find positive
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results, concluding that WRF accurately reproduces Andalu- The lack of a study which considers more microphysical
sian climate features at several timescales. However, such agehemes at the same time and assesses them using a simple
plications have also encountered numerous problems such asenario has motivated us to perform an idealized simula-
strong overprediction (underprediction) of winter precipita- tion with a fixed set of physical schemes and a simple ter-

tion intensity (frequency)Qaldwell et al, 2009, low cor- rain model. Although this method prevents a direct verifica-
relations between modelled and observed daily precipitatiortion with observations and forces the microphysics to interact
over the US Pacific northwesZllang et al.2009, precipi-  with a limited number of other physical schemes, it still pro-

tation overestimation over West Afric®(uyan et al, 2009 vides useful information about the range of results that can
and excessive rainfall at off-equatorial latitudes and a deficitbe obtained using different microphysical schemes.
near the EquatofTlich et al, 2011). Our study investigates the effects of the 13 microphysical
One of the main reasons for these discrepancies is thatchemes available in WRF v3.3.1 on orographic precipitation
different schemes were designed with different conceptuabnd on the atmospheric water cycle by performing a simple
underpinnings and tunable parameters that are not univelidealized simulation running over a period of two months.
sal and are also quite uncertain. No single scheme performb addition, the total conservation of water will be assessed
uniformly well under all conditions, and each has a predic-and the influence of the different distributions of atmospheric
tive ability highly dependent on weather or climate regimeswater on downward radiation at the ground will be analysed.
(Jankov et al.2005 Gallus Jr. and Bres¢t2006§ and ap-
plication scales. Furthermore, the model performance often ) )
depends on the feedbacks between different schemes. 2 Simulation setup
In order to increase the agreement of the model with avail- . . . .
. o : .The numerical model chosen for our simulations is the Ad-
able observations, the common practice is to adjust uncertain

vanced Research WRF (ARW-WRF, v3.3.1). WRF is a fully
model parameters manually, often referred to as expert tun-

ing. A different approach towards an objective calibration of compressible and non-hydrostatic model (with a run-time hy-

drostatic option). Its vertical coordinate is a terrain-following
RCMs has been recently proposedibsflprat et al(2012). hydrostatic pressure coordinate. The grid staggering is the

Other recen tstudies focu;ed instead on t he systematic qeve,krakawa C-grid. The model uses the Runge—Kutta 2nd and
opment of improved physics representations that are suitabl

. . ; . d§rd order time integration schemes, and 2nd to 6th order ad-
for climate prediction at certain resolutions and presente

modified versions of WRF to better suit RCM experiments. ;ﬁf:}%'?;ﬁ?ig:ﬁ ;?eboft:r t:CeoﬂgtriZ%?]tgl erl;atvev:/t;\:/ael-r:oﬁis
One of these, CLWRF (CLimate WRFijta et al, 2010, is P P 9 y )

a set of modifications to the WRE version 3.1.1 code to per_The dynamics conserves scalar variables. Other information

form more flexible regional climate simulations. Currently, can be found in WRF-ARW user's guidé/ang et al. 201,

CLWRF adds three main capabilities to the model: (1) flex- We u_sed a modified version of the test case._hill2d_x
. : which simulates a two-dimensional flow over a bell-shaped
ible greenhouse gas scenario usage, (2) output of mean and . e . . . .
. . .~ mountain. The modifications include simulation duration,
extreme statistics of surface variables and (3) computation o ; . :
: o . ! epoch, domain size, terrain profile, lateral boundary condi-
of new variables. A similar project, CWRF (Climate WRF, tions, initial atmospheric profiles and physical parameteriza
Liang et al, 2012, is a climate extension of WRF that in- t{;ons, P P phy P

corporates numerous improvements in the representation o . .
P P P In order to enhance the differences between the micro-

physical processes and integration of external forcings that hvsical parameterizations and to allow the svstem to reach
are crucial to climate scales. This extension inherits all WRFp y P y

. " . . o an equilibrium state, we chose a simulation duration of
fu.nctlonalmes for NWP while enhancing the capability for 61 days, running from 1 June 2012, 00:00:00 LT (local time)
climate modelling.

. . .to 1 August 2012, 00:00:00 LT.
Our objective, rather than developing a new parameteri- . . . . .
. . . . The spatial domain consists of 402 points alang points
zation suitable for RCMs, is to make a comparative eval- : .
along y and 41 vertical levels. These are staggered points

uation of the existing microphysical schemes available in_ . . .
. . lying at the interfaces of the Arakawa C-grid cells, therefore
WRF. Several studieslankov et aJ.2005 2009 Otkin and the number of mass-points is 401 alangl alongy and 40

Greenwald 2008 Mercader et a).201Q Argiieso et al. o 4
2011 Awan et al, 2011 have assessed WRF microphysi- i?g%@ The domain is centered on the coordinateSM0

cal schemes by simulating a real case scenario with multi- . L . .
y 9 The horizontal resolution is 2 km, while the vertical res-

physics options and comparing the results with observatlons(.)lution is variable between 500m and 2.3km, with denser

the effects of mountain geometry and upstream condition;i%\l(aIS near the ground and sparser levels near the model top,

on orographic precipitationGhen and Lin 2005 Miglietta which is at 30 km.
and Rotunnp2005 2006 Pathirana et al2005 Watson and

Lane 2012, using however only one or two microphysical
parameterizations.
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Fig. 1. The terrain profile chosen for our simulations consists
of a Gaussian-shaped mountain ridge of 2km height and a half- (b)
width =+/In2a ~ 27 km (Eq.1) centered at = 401 km. The initial Ao
airstream has a uniform spege= 10ms 1. : : : : : : : :

The terrain profile, as shown in Fid, was changed ac- of “““““““ “““““ “““ ““““ ““““ ;
cording to the following formula: ' ' ' S ' ' '

X—Xc 2
h(x)=hme ) 1km<x <801km 1)

whereh,, = 2km,a = 32km andx, = 401 km. This moun-
tain size is high enough to produce orographic precipitation
and its low steepness-(3.75 %) implies that the timescale
for the microphysical processes to produce precipitation, 0 %
which is roughly 20 min Miglietta and Rotunnp2009), is p [g/kgl
smaller than the typical advective timescale for this simula-
tion (~ 45 min).

The initial wind profile has a vertically uniform horizontal

Fig. 2. (a) Initial potential temperature profile computed by aver-
aging an 18yr-long ECMWF ERA-Interim reanalysis data series
for the coordinates 47.23, 7.875 E (Swiss Plateau), represent-

— 1
co_r;]pon((ajnu h_ 10 mI S aloggg. h iodic | Iing typical midlatitude atmospheric conditior{b) Initial moisture
0 study the total water budget, we chose periodic ateraprofile corresponding to 100 % RH (to foster precipitation) based

boundary conditions so that the air exiting at one side is rein-p, the potential temperature profile ).

serted at the other side: in this way no water is added to or

removed from the system, except for the water vapour added

through surface evaporation which can be derived from the

latent heat flux at the surface. For the moisture profile, to foster precipitation, we have
The presence of a 2km-high mountain, besides enhancehosen a saturated profile computed with the temperature de-

ing precipitation, produces gravity waves in both horizon- rived from the previous potential temperature profile and by

tal and vertical directions. Between 10 and 30 km altitude, asetting the relative humidity to 100 %. The resulting profile

Rayleigh damping layer absorbs the waves coming from beis shown in the bottom panel of Fig.

low in order to reduce downward reflection of wave momen- The dynamics settings include a 3rd order Runge—Kutta

tum. To diminish the interferences of the horizontal propagat-time-integration scheme with a time step of 20s, a 5th order

ing waves, which occur due to the aforementioned boundaryscheme for horizontal advection and a 3rd order scheme for

conditions, we extended the original domain alonfrom vertical advection.

400 to 800 km, as described above. In order to compute the total water budget and to study the
The initial potential temperature profile was computed effects of atmospheric water on radiation, we had to activate

by averaging an 18yr-long ECMWF (European Centre forsome options of the WRF model. We used the Rapid Ra-

Medium-Range Weather Forecasts )ERA-Interim reanalysidiative Transfer Model scheme for longwave radiation, the

data series for the coordinates 47.85 7.875 E (Swiss  Dudhia scheme for shortwave radiation, the MM5 similar-

Plateau) and it is shown in the top panel of F&y.This ity surface layer scheme, the 5-layer thermal diffusion land

profile represents fairly well the average midlatitude atmo-surface scheme (without snow-cover effects) and the Yon-

spheric conditions. sei University planetary boundary layer scheme. Since the
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Table 1. The microphysical schemes available in WRF v3.3.1. mp_physics is the corresponding option to be used in the configuration file
to activate them. The abbreviations are used throughout the whole document to refer to the schemes. The hydrometeors computed by th
schemes are v, water vapour; ¢, cloud water; r, rain; i, cloud ice; s, snow; g, graupel; t, total condensate; and h, hail. The WSM3 scheme also
computes cloud ice and snow but includes them in cloud water and rain, respectively.

mp_physics  Microphysical scheme name Abbreviation  Hydrometeors
1 Kessler KS ver

2 Purdue Lin LN vcrisg

3 WREF single-moment 3-class WSM3 ver

4 WRF single-moment 5-class WSM5 VCris

5 Eta microphysics EM verst

6 WREF single-moment 6-class WSM6 vcrisg

7 Goddard microphysics GM vecrisg

8 New Thompson et al. NT vcrisg

9 Milbrandt—Yau double-moment 7-class MY vcrisgh
10 Morrison double-moment MO vecrisg
13 Stony Brook University (Y. Lin) SBU veris

14 WRF double-moment 5-class WDM5 vecris

16 WRF double-moment 6-class WDM6 vecrisg

spatio-temporal resolution was high enough to resolve con3 Water conservation
vective processes, we did not use any cumulus parameteriza-
tion scheme.

The various physics parameterizations interact with each! "€ water in the domain car? be divided into three cate-
other via the model state variables (potential temperatured°ries: (A) water vapour, (B) hydrometeors and (C) precipi-

moisture, wind, etc.) and their tendencies. At the beginningfated water on the ground (see TaB)e The elements from
category B can in turn be separated into non-precipitating

of the Runge—Kutta time step, the radiation, surface and plan

etary boundary layer schemes produce tendencies of atmdarticles (QCLOUD and QICE) and precipitating particles
spheric state variables, while the microphysics, being an adQRAIN, QSNOW, QGRAUP and QHAIL). Initially all the

justment process, does not provide tendencies but updates tHAer present in the domain is in the vapour phase (QVA-
atmospheric state only at the end of the model time step. [ OR: category A). Afterwards water vapour starts to con-
dense into clouds (category B, non-precipitating) and even-

2.1 Model output tually clouds will form precipitation (category B, precipitat-
ing), which in turn will increase the amount of water col-
With this configuration, we ran one simulation for each mi- lected at the ground (RAINNC, category C). As the simula-
crophysical scheme available. Talblksts the 13 microphys- tion proceeds, each microphysical scheme redistributes the
ical schemes included in WRF 3.3.1 and the type of hydrom-total mass of atmospheric water among the different phases
eteors they compute. Throughout the document, we will referand particles of water.
to the schemes using the abbreviations listed in this table. We Water vapour is depleted by condensation, however it can
performed a total of 13 simulations and we saved the outpube replenished through evaporation/sublimation of hydrom-
every 60 min for description of the temporal evolution of at- eteors or through surface evaporation. The latter is the most
mospheric water and accumulated precipitation. important replenishing mechanism and it is computed by the
The variables contained in each output file, whose numdand-surface model (LSM) in conjunction with the surface
ber may vary depending on the type of microphysics sedayer scheme. The LSM we are using, the 5-layer thermal
lected, provide the user with detailed information about thediffusion, has a fixed soil moisture value, a constant surface
atmospheric state at specific times. The variables selectettmperature profile that depends on terrain elevation and no
in this study for the characterization of the atmosphericsurface and subsurface runoff (the water that flows over or
water cycle are listed in Tabl2 along with their descrip- under the surface when the maximum absorbing capacity of
tion. Some schemes, due to their lower complexity, lack thethe soil is reached). The constant surface temperature pro-
computation of some variables. For example, KS lacks thefile is a consequence of the idealized simulation which does
computation of the variables related to ice-phase processeasot allow the proper initialization of the LSM. Evaporation
(QICE, QSNOW, QGRAUP and QHAIL). The variables de- is always occurring, regardless of the precipitation that falls
scribing water vapour (QVAPOR), cloud water (QCLOUD), on the ground, because the soil, modelled with a constant
rain (QRAIN) and accumulated precipitation (RAINNC) are humidity value, is never running out of moisture. The evap-
present in all schemes. oration rate only depends on the properties of the air above
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Table 2. WRF output variables describing the atmospheric water cycle. The variables are divided into three categories whether they represent
uncondensed water (A), condensed water particles (B) or precipitated water (C). RAINNC is the sum of all the available types of precipitation
that each microphysical scheme is able to compute and might include rain, snow, graupel and hail.

Variable Units Description Category Type
QVAPOR kg kg‘1 water vapour mixing ratio A instantaneous
QCLOUD kgkg!l cloud water mixing ratio B instantaneous
QRAIN kgkg~! rain water mixing ratio B instantaneous
QICE kg kg‘1 ice mixing ratio B instantaneous
QSNOW  kgkg?! snow mixing ratio B instantaneous
QGRAUP kgkg? graupel mixing ratio B instantaneous
QHAIL kg kg_1 hail mixing ratio B instantaneous
RAINNC  mm accumulated total grid-scale precipitation C cumulative

the surface (air temperature, air moisture, surface wind) andvater amount and we are able to check whether this amount
on the insolation. The water that reaches the surface throughemains constant in time or not. When the microphysical
precipitation does not take part in the evaporation or in anyschemes convert one type of water particle into another or if a
other process of the water cycle (e.g. runoff). At the sidesphase transition is involved, some of the water mass could be
of the domain water conservation is ensured by the periodidost after this conversion. The cause of this water loss could
lateral boundary conditions. be a numerical truncation error, due to the approximation of
To describe the water present in the domain, we use théhe derivatives in the microphysics equations with finite dif-
mean column density of water averaged over the domainferences, or simply a code bug (new bugs are discovered at
which is measured in mm or kgm. In the following, we  every WRF release). By looking at the evolution of the orig-
combine the water cycle variables to check if the microphys-inal total water amount we can check to what extent the mi-
ical schemes of WRF conserve water over a time interval ofcrophysical schemes conserve water.
61 days. At any time, the total water mean column derigity The mean accumulated surface evaporaliaran be com-
is given by the sum of the water vapour mean column densityputed with the following formula:
WYV, the hydrometeor mean column densifyand the mean

Ny
accumulated precipitatioR: _ > i21ACLHF; ;

E=—"——", 6
=== ®)

where ACLHF is the accumulated upward latent heat flux

wherer is the temporal index which goes fram=0 (Oh)to  at the surface in J i and Ly is the specific latent heat of

t = 1464 (1464 h=61 days). The single components of this vaporization which is equal to2x 10°J kgt
sum are computed as follows: The original total water mean column densWriginal is
therefore given by

W[ZWV[+HZ+P[, (2)

Ny N;
WV, =" "QVAPOR ;- piks - AZiki/Nx, (3)  Woriginal: = Wy — Er. ™

i=1k=1 i L .
N. N Figure 3 shows the evolution in time oWqriginai While
X Z

H, = ZZ(QCLOUD+QRA|N + QICE+ QSNOW Table 3 shows its values at the beginning and at the end
e fw of the simulation for the various microphysical schemes.
) ) While the initial value ofWyyiginal is the same for all schemes
+QGRAUPHQHAIL )i - pis - Azika /N (4) (26.93 mm), its variation is giﬁerent from scheme to scheme.
The small water gains and losses caused by the microphysics
add up and at the end of the simulation each scheme presents
different values oWqriginal. Only two schemes, MY and MO,
wherei, k, N, andN, are the indices and the number of cells have a net gain of water while the other 11 have a net loss.

N,
P = ZRAINNC,-J/NX, (5)
i=1

alongx andz, p is the air density in kg m® and Az is the The rapid variation that most of the schemes exhibit in the
height of the cells in m. The meaning of the other variablesfirst hours is likely due to the model spin-up, after which it
is explained in Tabl. is possible to classify them more objectively. MO, starting

W is constantly increasing in time because new waterfrom day 3, has a constant water gain with an average rate
vapour (which was not part of the initial total water) is added of 1.55x 10~3mm day %, while MY has a more random be-
to the atmosphere through surface evaporation. If we removéaviour. Almost symmetrical to MO, KS has a constant wa-
the evaporated water from EQ) (ve obtain the original total  ter loss (starting at= 10 h) of—1.67x 10~3 mm day L. Five
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Table 3. The original total water mean column densiriginal (€€ EQ7) att = 0h and at = 61 days. When the microphysical schemes
convert water from one phase into another or one type of particle into another, small water mass gains or losses may occur. The original
amount of total water may slightly vary in time, as shown in this table.

Microphysics scheme Woriginal Woriginal  Absolute difference  Relative difference
(t=0h) (=061days)

[mm] [mm] [mm] (%]
KS 26.93 26.81 —0.12 —0.43
LN 26.93 26.89 —0.04 -0.14
WSM3 26.93 26.71 —0.22 -0.80
WSM5 26.93 26.71 —0.22 —0.80
EM 26.93 26.90 —0.03 —0.10
WSM6 26.93 26.71 -0.21 -0.80
GM 26.93 26.88 —0.04 —0.16
NT 26.93 26.87 —0.05 —0.19
MY 26.93 27.08 0.15 0.56
MO 26.93 27.03 0.11 0.39
SBU 26.93 26.89 —0.04 —0.15
WDM5 26.93 26.71 —0.22 -0.81
WDM6 26.93 26.71 —0.22 —0.80

value, while the scheme with the highest variation is WDM5
with a decrease 6£0.81 %.

Although the differences iWoriginal after 61 days are still
small both in absolute and relative terms, the schemes with
a constant water gain/loss (LN, EM, GM, NT, MO, SBU),
if proceeding at the same rate, might reach a non-negligible
amount of water gain/loss after a certain time. Ina RCM sim-
ulation, however, the lateral boundary conditions are not pe-
riodic and they are typically updated every 6 or 12 h. The new
air mass entering the domain might have much more or much
less water vapour than the air mass leaving the domain, lead-
ing to a modification of the total water which easily exceeds
the rate at which the microphysical schemes change it.

26,65t TP S RSN ——SBU

266 ! 1
0 4 50 60 4 Water cycle components

30
t [days]
Fig. 3. The original total water mean column density evolution in The available microphysical schemes range from simple and
time for the 13 microphysical schemes. At the beginning of the sim-efficient, to sophisticated and more computationally costly,
ulation Woriginal = 26.93 mm for all the schemes and then it evolves and from newly developed schemes, to well-tried schemes
independently, based on each scheme’s microphysical transformasych as those in current operational mod&\arig et al,
ti_o_ns which cause small gail_ws and Ios;es of water during the tra”201a. Each scheme is therefore able to compute a certain
Zmons grom oner:/vatii)spg0|¢s/pha5ﬁ |r|1to angthe(;. ;he Co”eSpfonﬁumber of variables: for example, the simple KS scheme
ence beween the abbreviations in the legend and the names of thg osqjer 1969 considers only water vapour, cloud liquid
schemes can be found in Taldle : . L
water and rain, while the more sophisticated LN scheme
(Lin et al, 1983 includes also cloud ice, snow and graupel

schemes (LN, EM, GM, NT, SBU) also have a constant waterydrometeors. The number of included microphysical pro-
loss, albeit smaller than KS and starting frem10h, be- ~ cesses and their particular implementation are responsible
tween —0.45x 10~3 and —0.84x 10-3mmday®. Lastly,  for the differences derived from the output variables which
the other five schemes that have a net water loss (WSM3/epresent the various components of the water cycle. These
WSM5, WSM6, WDM5, WDM6) decrease rapidly in the differences and the behaviour of the microphysical schemes
first 4 days and then stabilize towards a final value of aboutn the idealized case of orographic precipitation will be quan-
26.71mm. The scheme with the smallest total variation istified and discussed in this section.

EM with a difference of only-0.10 % compared to the initial
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filtered H [mm]

t[days] t [days]

Fig. 4. Comparison of water vapour mean column density for the 13Fig- 5. Comparison of hydrometeor mean column density for the
microphysical schemes. Water vapour is depleted through its conl3 microphysical schemes. To enhance the differences between the

version into hydrometeors (Fi§) and accumulation at the surface Schemes, the series have been filtered with a 10-day lowpass filter.
under the form of precipitation (Fi).

After 61 days all the schemes (except for KS) have lost
4.1 Water vapour 55-75 % of their initial water vapour content. Such a big loss

) ) ) can be attributed to the combination of the idealized moun-
Figure4 shows a comparison of WV (Eg) for the 13 micro- ¢4 ith the periodic lateral boundary conditions. The flow

physical schemes. In the first hours of the simulation, a fask moist air is in fact forced to pass several times over the
decrease of water vapour is observed for all the schemes, dyg,ntain and at every passage orographically induced con-
to the saturated profile chosen for the initialization. In satu-yensation and precipitation is likely to happen, removing wa-
rated conditions, it is relatively easy for all the schemes to;q, vapour from the air. The removal of wat’er vapour de-
convert water vapour into hydrometeors. This fast decreasgreases during the last days because the surface evaporation,
could however be caused (entirely or partially) by the modelby adding new water vapour to the closed system, is finally

initial gpin-up. _ - ) . . able to balance the water vapour loss.
During the first few days it is already possible to distin-

guish different regimes: KS (red line) removes less WV com- 4 5 Hydrometeors

pared to the other schemes and stabilizes at a high value

of qbout 25mm. WSMS (yellow line) has an opposite be- rpe hydrometeor mean column densi# includes non-

haviour, removing more WV compared to the other scheme recipitating and precipitating hydrometeors, as already

and decreases to values below 10mm already on day 2Gneniioned at the beginning of Se8t.Non-precipitating hy-

while other schemes achieve this value days later and somgometeors are composed of cloud droplets and ice crys-

of them never. . tals and their mass mixing ratios are given by the variables
The rest of the schemgs are more S|m|I§1r to WSM:?than tcQCLOUD and QICE. Precipitating hydrometeors are rain,

KS, in that they progressively remove WV instead of incréas-gn gy graupel and hail and their mass mixing ratios are given

ing it. KS, in fact, shows a slight increase in WV over time by the variables QRAIN, QSNOW, QGRAUP and QHAIL.

and its final value (27.67 mm) is higher than the initial one |, Eq. @) these 6 different hydrometeors are summed to-
(26.93 mm), meaning that the overall water vapour added b3@ether to computél.

surface evaporation was greater than the overall water vapour | the time series off the differences between the micro-
removed by condensation and precipitation. As opposed {Qypysical schemes are hard to see due to the strong hour to

KS, the rate of removal of WV of the other schemes de-p r yariability which causes the lines to intersect each other
creases over time (except for SBU, which shows an increasgq in a “spaghetti” plot. By using a 10 day lowpass filter

in WV after day 42) and, as long as our simulation period s js hossible to better visualize the differences between the
allows us to infer, WV appears to stabilize around the final series, as can be seen in Fig.

values listed in Tablé. KS exhibits the highest value off (around 0.2 mm),
which remains more or less constant in time. KS reaches
soon an equilibrium state in which condensation of water

www.geosci-model-dev.net/7/147/2014/ Geosci. Model Dev., 7, 11450-2014



154 F. Cossu and K. Hocke: Influence of microphysical schemes in WRF

Table 4. Mean column density values of water vapour WV, hydrometébraccumulated precipitatioR and accumulated evaporatiéh

at the end of the simulation. The initial total water mean column density is 26.93 mm for all the schemes and it is solely under the form of
water vapour. The values &f are from the series filtered with a 10 day lowpass filter and are shown with 3 decimal digits instead of 2 due
to the lower magnitude off compared to the other components of the water cycle. The last column of the table shows the mean residence
time of water vapour for the last 10 days of the simulation.

Microphysics scheme WV H P E WV residence time
(r=61days) (=61ldays) {(=61ldays) {(=61days) (last 10 days)
[mm] [mm] [mm] [mm] [days]
KS 27.62 0.217 11.30 12.37 271.0
LN 7.78 0.018 58.04 38.95 8.3
WSM3 7.03 0.096 71.65 52.04 6.3
WSM5 7.54 0.096 65.62 46.59 6.7
EM 7.40 0.066 62.74 43.34 7.2
WSM6 6.75 0.067 66.68 46.80 6.2
GM 8.89 0.129 62.72 44.79 8.4
NT 8.80 0.177 63.93 46.46 8.9
MY 12.10 0.053 46.56 31.62 16.6
MO 11.66 0.046 43.65 28.31 16.1
SBU 11.17 0.104 49.81 34.26 16.2
WDM5 8.12 0.109 65.04 46.59 7.7
WDM6 6.93 0.071 65.71 45.99 6.4

vapour to create new droplets is balanced by the formation The variable in which the accumulated precipitation at
of rain hydrometeors and their removal by surface accumuthe surface is stored is RAINNC and it is averaged along

lation, which leads to an almost constahtin time. in Eq. () to obtain the mean accumulated precipitati®n
For all the other schemes, after the initial overproductionwhose time series is shown in Fig.
due to the saturated conditiorfd,is rapidly decreasing until For the whole simulation period KS has the lowest value of

day 10, after which every scheme follows its own evolution. P and WSM3 the highest, as opposed to WV, because pre-
LN continues to decrease and stabilizes to values just beloweipitation is inversely proportional to water vapour. WSM3
0.02 mm, while NT grows rapidly and reaches values similarreaches a final value of 71.7 mm, more than 6 times higher
to KS on day 50. SBU is also characterized by a rapid in-than KS (Fig.6a).

crease between day 10 and day 40, then it decreases betweenThe sharp increase af in the first day observed for all
day 40 and day 50 and it finally stabilizes at about 0.1 mmthe schemes (Figb) corresponds to the sharp decrease in
for the last 10 days. The rest of the schemes after day 10 haw&/V of Fig. 4. Whether this effect is due to oversaturation
less marked variations and their values are between 0.04 angt to the model spin-up, it nicely shows the balance of the
0.1 mm. different components of the water cycle.

The final values offf reached by the schemes are listed After the first day, the mean precipitation rate is reduced
in Table4. The biggest difference is between KS (0.217 mm) for all the schemes and remains more or less constantin time,
and LN (0.018 mm), with KS being 12 times higher than LN. corresponding to an almost constant slope of the lines in
For some schemes, such as KS, LN, MY and MO, these finaFig. 6a. Each scheme is therefore accumulating precipitation
values might be valid also for the following days, as theseat its own pace, although there are some schemes which are
schemes seem to have reached an equilibrium state. The reasiore closely spaced. WSM5, EM, WSM6, GM, NT, WDM5
of the schemes, instead, might need more time to relax toand WDM6 have similar values throughout the whole sim-

wards more stable values. ulation and they reach final values only 7-12 % lower than
WSM3. SBU, MY and MO have, instead, smaller final val-
4.3 Precipitation ues (30-39 % lower than WSM3) and their lines are more

separated from each other. LN has the second highest value
For all the schemes, the highest precipitation rate occurs duref P during the first 10 days, then it decreases considerably
ing the first day, thanks to the initial high availability of water and, starting around day 25, becomes the 9th scheme until
vapour in the atmosphere. The saturated initial moisture prothe end, with a final value 19 % lower than WSM3. The final
file causes an overproduction of hydrometeors, as we hav@alues ofP are listed in Tabld.
seen in the previous section, which sediment to the ground as
precipitation. As mentioned before, this initial strong varia-
tion could also be a direct consequence of the model spin-up.
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P [mm]

30
time [days]

Fig. 7. Comparison of mean accumulated evaporation for the 13
microphysical schemes. The lines seem to follow an exponential
increase rather than the linear increase of the lines indaig.

4.4 Evaporation

P [mm]

The total mean accumulated surface evaporatipshown in

Fig. 7, is computed using Eqg6). In the first dayE is very
small for all the schemes with similar values below 0.1 mm.
After day 1, WSM3 sets itself above the rest of the schemes
and continues to grow until the end of the simulation, reach-
ing a final value of 52mm. KS has again an opposite be-
haviour compared to WSM3, becoming the scheme with the
L smallestE starting from day 9 and reaching a final value
t[days] of only 12.4mm. A list of the final values of for all the
schemes is provided in Table

Since E represents the accumulated evaporation, its first
derivative is the evaporation rate. The slope of the lines is al-
ways positive which means that evaporation is continuously
occurring during the simulation. Since the surface tempera-

Except for KS, all the schemes produce more precipitationture is prescribed, the water vapour mixing ratio at the lowest
than the initial total water mean column density of 26.93 mm model level dominates the surface evaporation: the more the
because, aside from the existing initial water vapour, addi-water vapour, the weaker the evaporation, and vice versa. In
tional water vapour is provided by surface evaporation, aghe first days, in fact, the high concentration of water vapour
explained in Sect3, which is used for further condensation Prevents the water from evaporating from the surface effi-
and precipitation. ciently. Conversely, in the following days, as water vapour

The excessive production of precipitation in WSM3 is also iS removed from the atmosphere through condensation and
present inDruyan et al.(2009, who obtained exaggerated Precipitation, the evaporation becomes stronger.
precipitation rates over West Africa using this scheme for The evaporation in our 61days simulation is needed be-
their RCM simulation. Low precipitation rates for KS are cause without it the atmosphere would be depleted of wa-
also found inLiang et al.(2002), where KS produces unreal- ter vapour very fast, being the mean residence time of wa-
istic low values of precipitation in the simulation of a flood- ter vapour in the terrestrial atmosphere of about 15 days
producing heavy rainfall over the central US. (Chahing 1992).

For the schemes that reach an almost constant WV (KS in
the first 30 days and almost all the other schemes in the last
10 days), there is a balance between precipitation and evap-
oration: water vapour is removed by precipitation as quickly

Fig. 6. Comparison of mean accumulated precipitation for the 13
microphysical schemes, if@) the complete time series and (i)
the zoom over the first 10 days.
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the radiation responds to model-predicted cloud and water
vapour distributions, as well as specified carbon dioxide,
ozone, and (optionally) trace gas concentrati@isamarock

et al, 2008.

Depending on the radiation scheme selected, the number
of spectral bands goes from 2 to 16 for longwave radiation
and from 1 to 19 for shortwave radiation. In our simula-
tions longwave radiation is parameterized with the Rapid
Radiative Transfer Model (RRTM)Mlawer et al, 1997,

a spectral-band scheme using the correlatedethod with
16 different bands covering infrared wavelengths from 3 um
to 1mm. RRTM uses pre-set tables to accurately represent
longwave processes due to water vapour, ozone;, @8d
trace gases (if present), as well as accounting for cloud op-
: : : : ; : tical depth. The scheme chosen to parameterize shortwave
h n = = m m m radiation is the MM5 Dudhia schemBidhia 1989, which
time [days] has a simple downward integration of solar flux (only one
Fig. 8. The ratio between precipitation rate and evaporation rate forband.) and accounts for Clgar-alr scatterlng, water vappur ab-
the 13 microphysical schemes. The series have been filtered witﬁorpt'on and clogd reflectlgn and absqrpt'on' Absorption by
a 10day lowpass filter. Fqu/e — 1 the closed system reaches its other atmospheric gases is not considered. All clouds and

p/e (filtered)

equilibrium. precipitation are treated as one type of cloud. The effects of
the solar zenith angle are taken into account, which reduces
as it is replaced by evaporation. In this balariss irrel-  the downward component and increases the path length.
evant because it is a couple of orders of magnitude smaller In this section we focus on the effects of water vapour and
than the other quantities in play. clouds on downward radiation at the surface by analysing the

The ratio between precipitation rate and evaporation ratedutput variables GLW and SWDOWN which represent, re-
(p/e ratio) is shown in Fig8, in which the series have been spectively, the downward longwave and shortwave fluxes at
filtered with a 10 day lowpass filter. Starting from day 30, the ground surface in W . The differences between the mi-
schemes reacha/e ratio of about 1, indicating that the sys- crophysical schemes are also considered.
tem has reached an equilibrium state. He ratio for KS is
below 1, mea_ning that thereis a net_ gai_n of water vapour, ir15.1 Longwave radiation
agreement with the increase of WV in F#.

The last column of Tabld lists the mean residence time
of water vapour inthe last 10 dayS, Computed by d|V|d|ng theLongwave radiation emitted from the surface is absorbed
mean WV by the mean precipitation rate. Only three schemegnd reemitted by greenhouse gases and clouds. In our WRF
(MY, MO, SBU) have residence times in accordance with Simulation the upward longwave emission from the surface
Chahine(1992, and, except for KS which has an extremely is computed by the 5-layer thermal diffusion land-surface
|0ng residence time of 271 daysy all the other schemes havg]Odel, which parameterizes the surface with a constant emis-

residence times below 9 days, indicating a faster water cycleSivity and a constant altitude-dependent temperature profile.
The amount of longwave radiation that every greenhouse

gas is able to absorb and reemit depends on the local temper-
5 Effects on radiation ature, on its concentration and on the gas itself. Unlike wa-

ter vapour, whose concentration varies during the simulation,
In WRF atmospheric radiation is treated as two separateall the other absorbing gases are modelled with a prescribed
components, longwave and shortwave. Longwave radiatiortconcentration profile and their contribution to the radiation
includes infrared or thermal radiation absorbed and emit-budget is therefore less variable.
ted by gases and surfaces. Upward longwave radiative flux Also hydrometeors can absorb and emit longwave radi-
from the ground is determined by the surface emissivityation. Particularly, the bottom layers of thick clouds emit
that in turn depends upon land-use type, as well as thelownward longwave radiation (DLR) like a grey body radiat-
ground (skin) temperature. Shortwave radiation includes vis-ing at a certain temperature, which usually corresponds to the
ible and surrounding wavelengths that make up the solammbient air temperature, and with a certain emissivity. Even
spectrum. Hence, the only source is the Sun, but processes iassuming a constant emissivity, the spatio-temporal variabil-
clude absorption, reflection, and scattering in the atmosphergy of the cloud distribution yields a very variable DLR at the
and at surfaces. For shortwave radiation, the upward flux isurface. We should therefore expect a DLR surface flux char-
the reflection due to surface albedo. Within the atmospherecterized by two components: a slow-varying component due
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(KS), although there are strong oscillations with peaks above
350 W n1 2. KS then stabilizes around 340 Whuntil the
end with oscillations as large as 17 Wf(day 40). WSM3
instead decreases rapidly until day 30 where it reaches a sta-
ble value until the end of about 257 Wrhand has smaller
oscillations, especially from day 15 to day 40. MY and MO
have similar values for most of the simulation and decrease
more slowly than the other schemes, reaching final values
of around 289 W m?. They exhibit strong oscillations in the
first month which are reduced during the second month. SBU
also reaches final values similar to MY and MO, however
his trend is more unclear and it fluctuates between 280 and
300 W n12 with a period of several days between day 35 and
day 61. The rest of the schemes decrease more regularly and
: : : : : : stabilize around values between 260 and 280 W iim the
10 20 t[ggys] 40 50 60 last 10 days. The average values in the last 10 days for LN,
WSM5, EM, WSM6, GM, NT, WDM5 and WDM6 are re-
Fig. 9. Comparison of the mean DLR flux at the surface for the spectively 261, 264, 264, 260, 269, 278, 267 and 260 W¥.m
13 microphysical schemes. The main source of DLR at the sur- The microphysical schemes, by modifying the distribu-
face is water vapour emission from the atmosphere while the hightion of water vapour and clouds, strongly affect the DLR.
frequency variations are due to the grey-body emission coming fromy g more realistic simulation the choice of the microphys-
the cloud base. ical scheme is important, as the DLR modifies the surface
heat budget. Even excluding KS, in our idealized scenario

to water vapour emission and a fast-varying component dud'e obtain, after the stabiliz'ation, scheme to scheme differ-
to cloud emission. ences of up to 33 W r?, which corresponds to about 10 %

For each microphysical scheme we compute the time se©f the global annual mean DLR of 342Wth(Wild et al,

ries of the mean DLR flux at the surfaégy averaged over 2013.
the domain as follows:

240
0

5.2 Shortwave radiation

Ny
Fuw., = Z GLW; /Ny, (8) As for GLW, we compute the average values over the domain
i=1 of SWDOWN, the WRF variable which represents the down-

ward shortwave radiation (DSR) flux at the surface, using the

where GLW is the WRF output variable representing the ;
same notation of Eq8}:

downward longwave flux at the surface, whiland N, are

the spatial index and the number of cells alanglready in- N,
troduced in SecB. B Fsw; = ZSWDOWN,-J /N.. 9
In Fig. 9 it can be seen thal'| is clearly characterized i=1

by the two components mentioned above: the slow-varying _
component due to water vapour and the fast-varying compo- The values ofF'sy are r_]uII beforc_a 06:.00:00 LT and af- .
nents due to clouds. The lines in this figure are similar, aparfer 18:.0(.):00 LT, because in those time intervals the Sun is
from the noise due to clouds, to the lines of WV in Fig. Nt shining. Between 06:00:00LT and 18:00:00 lAsw
KS is at the top and almost constant in time, WSM3 is at the!Ncréases to a maximum around noon and Qecreases again
bottom and characterized by a rapid decrease, and the rest Bq Z€ro t_)efore sunsgt. In ord_er to more easily compare the
the schemes are in between and characterized by a decrea'%'@le series of the mErophysmaI scﬂgmes, we compute the
more similar to WSM3 than to KS. Even though WV is the daily average value af sw, haming itF gy, which is shown
mean column density of water vapour, itis still representativein Fig. 10. )
of the smaller amount of water vapour near the surface that KS starts with values of'g,, around 50 W m? and then
emits the radiation absorbed by the ground because most oficreases slightly, oscillating between 50 and 100 Wm
its mass is in the lower layers of the atmosphere. It is there-The other schemes start with higher values, between 90
fore reasonable to expect that higher (lower) amounts of WVand 243 W n72, and increase as well. Their final values
correspond to higher (lower) values Bfyy . are however confined in a smaller range, between 247 and
All the schemes start with high values iy between  295W ni2. MY and MO, and partly SBU, are more distin-
361 and 366 W m?, because of the high amounts of water guishable from the others because the differences in their av-
vapour and clouds. During the first 10 days the average valuerage values are bigger than the day to day variations. Like
of FLw is lowered between 307 (WSM3) and 342W#m  for the longwave case, SBU is characterized by slower and

www.geosci-model-dev.net/7/147/2014/ Geosci. Model Dev., 7, 11450-2014



158 F. Cossu and K. Hocke: Influence of microphysical schemes in WRF

different results from the rest of the schemes, which is not
surprising because it is the only scheme without ice-phase
processes. The inclusion of ice processes is crucial to realis-
tically represent clouds and the different types of precipita-
tion. The other schemes, although more similar to each other,
still showed important differences. In particular, by exclud-
ing KS, we have found that the final values obtained with
different microphysics options, expressed as mean column
densities averaged over the domain, can vary by up to 79 %
for water vapour, up to 10 times for hydrometeors and up to
64 % for accumulated precipitation.

Furthermore, microphysics, by modifying the distribution
of water vapour and hydrometeors, indirectly influences sur-
face evaporation and downward radiation at the surface. We

: : : : : : have found differences in surface evaporation of up to 84 %
0 10 20 ¢ [ays] 0 %0 60 (without considering KS).
For the downward radiation at the surface, we considered
Fig. 10. Comparison of the daily averaged values of the mean DSRthe longwave and the shortwave components separately. The
flux at the surface for the 13 microphysical schemes. simulated time series of the DLR contains the combined ef-
fects of the water vapour emission, which varies slowly, and
the clouds emission, which is more variable in time. The
larger oscillations during the last 25 days of the simulationsame is true for the time series of the daily average DSR flux.
and itis in antiphase wit' . KS has the highest value of DLR flux and the lowest value

Excluding KS, the largest difference in the final values of DSR flux, because higher amounts of water vapour and
of FZW is between LN and MY, which differ by about clouds emit more infrared radiation and let less solar radi-
49 W m2. Such a discrepancy is quite high considering thatation pass through the atmosphere. The other schemes show
the actual estimate for global mean shortwave flux absorbediifferences in the final values of up to 33 W-fnfor the DLR
by the surface is 161 W nt (Wild et al,, 2013. flux and up to 49 W m? for the DSR flux.

It is important to note that the results we obtained for this

particular model configuration are not universal. A different
6 Conclusions model setup with a different combination of physical param-

eterizations could lead to different results because the mi-
We studied the impact of microphysical parameterizations orcrophysics are influenced by the interactions with the other
the atmospheric water cycle using a simple idealized simulaschemes. However, the wide range in terms of water phases,
tion. The numerical model used, the WRF model, containshydrometeor distributions and precipitation that we obtained
several microphysics options and it is widely used by the re-suggests that any other combination of physical schemes
search community to conduct RCM simulations. By using might present a similar spread in the results for different mi-
WRF v3.3.1, we tested 13 different microphysical schemescrophysical schemes and that the choice of the microphysical
over a period of two months in a high resolution 2-D sce- scheme is a dominant factor in the performance of the model.
nario of moist air flow over an idealized bell-shaped moun-
tain. Lateral boundary conditions were set to be periodic so
that we could check the conservation of water over a time/AcknowledgementsThe study was mainly funded by the Oeschger
interval of 61 days in the WRF simulations. Centre for Climate Change Research (University of Bern) and the

First, we analysed the total water content and concluded;IeteOSWiSS project MIMAH of the Global Atmosphere Watch
' . Programme. We are grateful to Niklaus Kampfer, Christian Matzler

that,hat !eals,t fﬁr the period under consideration, i:l thehm'_and Christoph Schar for advice and discussions. The authors would
crophysical schemes conserve water. WDMS was the sc €M&so like to thank all the WRF developers for providing the freely

with the biggest loss of total water, with a final amount only ayajlaple numerical model that made this study possible.
0.81% smaller than at the beginning. Considering that in a
typical RCM simulation the lateral boundary conditions are Edited by: A. Lauer
updated every 6 or 12 h, such a small loss is irrelevant.
We showed that, despite the same initial and boundary
conditions and model configuration, the choice of the mi-
crophysical scheme has important consequences on differ-
ent components of the water cycle, including water vapour,
hydrometeors and accumulated precipitation. KS gave quite

[W/m?]
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e
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