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6 [1] Multi-century model runs are used to investigate the
7 impact of restoring and flux adjustment on the variability of
8 an idealized Atlantic Ocean forced by net atmospheric heat
9 flux possessing decadal and multi-decadal variability.
10 Restoring suppresses simulated modes of variability,
11 causes phase shifts, and modifies nonlinear relations in
12 the model. Flux adjustment has little effect on the water
13 temperature variability, however it suppresses low-
14 frequency variability of the meridional overturning
15 circulation and causes a phase shift of multi-decadal mode
16 of the meridional heat transport. An important effect of flux
17 adjustment is that it may misrepresent physical mechanisms
18 substituting, for example, dynamically-driven meridional
19 heat transport by equivalent amount of heat supplied locally,
20 though surface heat fluxes. We conclude that restoring
21 provides a poor framework for simulation of climate
22 variability. Flux adjustment is less damaging, however, it
23 modulates internal modes of variability in ways not fully
24 understood. INDEX TERMS: 3210 Mathematical Geophysics:

25 Modeling; 3230 Mathematical Geophysics: Numerical solutions;

26 4255 Oceanography: General : Numerical modeling.
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32 1. Introduction

33 [2] Models play substantial role in assessment of global
34 climate change and variability, and understanding of their
35 limitations is of key importance to the general community.
36 Cumulative effects of model errors may result in drift of
37 a numerical solution and may dominate simulations of
38 climate trends and variability. Artificial terms added to the
39 equation for scalar quantities (like water temperature and
40 salinity) are often employed to drag the numerical solution
41 toward observations. Restoring constrains temperature and/
42 or salinity towards climatological values over some time-
43 scale, whereas flux adjustment balances surface fluxes at the
44 ocean-atmosphere interface to maintain integral quantities
45 of scalar variables. The latter seems to have less restrictions
46 on variability of the model parameters. These two methods
47 are commonly used in global and regional climate simu-

48lations. For example, four out of six models used in Arctic
49Ocean model inter-comparison use restoring [Steele et al.,
502001]. Using an Arctic Ocean model, Zhang et al. [1998]
51demonstrated that restoring may be a useful tool in simu-
52lating mean state and short-term variations in the Arctic
53Ocean. Additionally, retrospective analysis of model simu-
54lations from the past where use of flux adjustment was a
55common practice requires a clear understanding of possible
56limitations of the method. There are suggestions that flux
57adjustment may suppress variability in climate models
58[Pierce et al., 1995]. However, Duffy et al. [2000], com-
59paring variability of surface air temperature derived from
6017 simulations with and without flux adjustment, argued
61that there is no evidence that flux adjustment suppresses
62variability. The goal of this study is to show potential
63impacts of restoring and flux adjustment on the simulated
64variability of an idealized ocean. A simplest possible model
65configuration (ocean-alone model with simplified model
66domain and forcing) allows us, via spectral analysis, to
67show clearly the differences of frequency variability in
68experiments with/without restoring and flux adjustment.
69However, in this paper we will not attempt to divine the
70causes for these differences evident in the spectra.

712. Model and Design of Numerical Experiments

72[3] The model consists of the free surface MOM4.0
73z-coordinate ocean model [Griffies et al., 2003]. The
74domain (Figure 1) is an idealized channel, extending
75zonally from 300�E to 350�E and latitudinally from 70�S
76to 80�N, with 2 degrees meridional and 1.5 degrees latitu-
77dinal resolution. There are 18 vertical levels, with vertical
78spacing increasing from 5 m at the uppermost level to 560 m
79at depth. The basin has sloping walls along the boundaries.
80The minimum and maximum depths are 500 m and 3500 m.
81A meridional mid-basin 15�-wide sloping-wall ridge has a
82minimum depth of 1000 m. This domain configuration aims
83to imitate basic features of the Atlantic Ocean, but note that
84a Southern circumpolar channel is not present.
85[4] The K-profile parameterization (KPP) mixed layer
86scheme of Large et al. [1994] is employed. An additional
87background vertical diffusivity of 0.05 cm2/sec in the upper
88ocean transitions to 1.0 cm2/sec background in the abyss
89[Bryan and Lewis, 1979]. The Redi [1982] neutral diffusion
90and Gent and McWilliams [1990] (GM) skew-diffusion
91were both set to 1 � 103 m2/sec. Horizontal friction is a
92traditional isotropic friction with a grid-space dependent
93background viscosity.
94[5] Potential temperature is our active tracer, initially set
95to be horizontally uniform with exponential stratification.
96One thousand years with no restoring or flux adjustment are
97used for the model spin-up. During this period the model is
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98 forced with an annually repeating NCEP-based climatology
99 of daily winds and net atmospheric heat flux (marked as eF in
100 Figure 1). The heat flux is computed from a zonal average of
101 the Atlantic sector ocean. Heat flux has been adjusted so that
102 there is zero net heat content change when integrated over
103 the full model domain and over each year. Three 500-year
104 experiments follow the spin-up using the final state of
105 the spin-up as initial conditions. Note that by using an
106 idealized domain we are not constrained by the fact that
107 the ‘‘climatology’’ we obtained as a result of spin-up has
108 substantial differences compared with realistic climatology.
109 In the case of realistic basin configuration we would need to
110 use some method (restoring) to drag the numerical solution
111 toward observations. Otherwise, because of cumulative
112 effects of model errors, the simulated climatology could
113 have a little in common compared with realistic climatology.
114 [6] In these three experiments, forcing eF used to spin-up
115 the model is modulated by decadal and multi-decadal modes
116 with amplitudes Af and Bf, respectively. This addition
117 imitates the major modes of variability found in the North
118 Atlantic region [Enfield et al., 2001; Deser and Blackmon,
119 1993]. The zonal amplitudes of multi-decadal mode are
120 obtained averaging the NCEP data over 1960–1969 (neg-
121 ative phase of multi-decadal mode) and 1990–1999 (posi-
122 tive phase) and taking their difference. For the decadal
123 mode, the amplitudes are obtained averaging over 1953,
124 1962, 1966, 1971, 1975, 1980, and 1986 (negative phase)
125 and 1949, 1957, 1964, 1969, 1972, 1976, 1982, and 1990
126 (positive phase). Ten- and fifty-year period sine functions
127 with the above amplitudes are used for time integration. The
128 first experiment (denoted as ‘‘NO’’) uses no restoring or
129 flux adjustment. In the second experiment (denoted as
130 ‘‘RES3’’) surface temperature is restored to values from
131 the end of the spin-up with a 3-month restoring constant.
132 The last experiment (denoted as ‘‘FLAD’’) uses flux ad-
133 justment for the atmospheric heat based on time-averaged

134daily heat flux diagnosed from the ‘‘restoring’’ part of the
135RES3 surface net heat flux.

1363. Simulated Variability With and Without
137Restoring and Flux Adjustment

138[7] Mean distribution of the water temperature from the
139three experiments is very similar (not shown). Time series
140of the water temperature anomalies (WTA) averaged over
141the entire basin are shown in Figure 2 (top). As is expected,
142WTA from experiments ‘‘NO’’ and ‘‘FLAD’’ are practically
143identical. WTA variability at periods >10 years is strongly
144suppressed by restoring (experiment ‘‘RES3’’, green line in
145Figure 2, top). Spectral analysis of these three time series
146supports this conclusion showing that the effect of restoring
147is similar to that of high-pass filter (in Figure 3, top, green
148line (‘‘RES3’’) is lower than blue (‘‘NO’’) and red
149(‘‘FLAD’’) lines at periods >20 years. Depending upon
150the choice of restoring time constant one can get stronger/
151weaker damping effects (for this purposes, a model run with
152a 6-months restoring constant was carried out, not shown).
153There is also a 5–6 year delay of the WTA response to
154atmospheric forcing in ‘‘RES3’’ experiment compared with
155WTA from ‘‘NO’’ and ‘‘FLAD’’ experiments (Figure 2).
156[8] Intensity of the meridional overturning circulation
157(MOC) is a key climatic parameter, and next we show
158how restoring and flux adjustment affect its variability.
159Time series of anomalies of minimum MOC (analogous to
160North Atlantic Deep Water production) are shown in
161Figure 2 (middle). MOC variability is much more complex
162than the WTA variability, with stronger decadal mode in
163all time series and pronounced differences between MOC

Figure 1. Schematic showing the model domain and
forcing. Amplitudes of decadal and multi-decadal modes are
shown by Af and Bf, respectively. Arrows for ‘‘RES3’’
experiment show restoring of the simulated temperature to
the initial condition whereas arrows for ‘‘FLAD’’ experi-
ment show correction of the solution by spatially varying
but constant in time heat flux.

Figure 2. Time series of detrended basin-averaged water
temperature (top, �C), meridional overturning circulation
(middle, Sv = 106m3/s), and meridional heat transport
(bottom, PW) anomalies relative to the last 400 years of the
model integration.
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164 from ‘‘NO’’, ‘‘FLAD’’, and ‘‘RES3’’ experiments. Spectral
165 analysis shows that restoring damps MOC variability at
166 almost all frequencies (green line in Figure 3, middle which
167 is lower relative to other curves). Flux adjustment is more
168 selective, suppressing low frequencies only (>50 years).
169 The MOC phase shift from the ‘‘FLAD’’ experiment is
170 modest relative to ‘‘NO’’, with the multi-decadal mode from
171 ‘‘RES3’’ experiment lagging those from ‘‘NO’’ and
172 ‘‘FLAD’’ experiments (Figure 2, middle). MOC and merid-
173 ional heat transport (MHT) are positively correlated at zero
174 phase lag (not shown) for ‘‘NO’’ and ‘‘FLAD’’ experiments
175 (correlation coefficient R = 0.8). Restoring on the other
176 hand, alters this relationship, with MOC and MHT anti-
177 correlated at zero phase lag (R = �0.5).
178 [9] Meridional heat transport associated with the MOC is
179 an important element of the planetary heat balance [e.g.,
180 Trenberth and Caron, 2001]. Simulated time series of
181 maximum MHT is shown in Figure 2, bottom. MHT is
182 calculated using the zonally and vertically integrated heat
183 transport including advective and GM contributions. Sur-
184 prisingly, the MHT from ‘‘FLAD’’ and ‘‘RES3’’ (not
185 ‘‘NO’’) experiments show coordinated set of changes with
186 concerted envelopes of multi-decadal mode. These envel-
187 opes delay those from ‘‘NO’’ experiment by approximately
188 5 years. At basin-wide scale, restoring and flux adjustment
189 do not suppress intensity of decadal and multi-decadal
190 modes of variability as shown by spectral analysis in
191 Figure 3, bottom, however, restoring damps variability at
192 periods >50 years. Flux adjustment amplifies almost every
193 frequency peak.
194 [10] Figure 4, top, shows anomalies of MHT and verti-
195 cally-averaged circulation averaged for a negative phase of

196the MHT multi-decadal mode (years 435–460, see Figure 2,
197bottom). The anomalies are calculated relative to a mean
198over a complete 50-year cycle (435–485). Figure 4 also
199shows MHT and circulation anomaly differences between
200‘‘RES3’’ and ‘‘NO’’ experiments (middle) and ‘‘FLAD’’
201and ‘‘NO’’ experiments (bottom). Because of shift of phase
202between MHT in these experiments compared with ‘‘NO’’
203experiment, MHC and circulation anomalies and means for
204‘‘RES3’’and ‘‘FLAD’’ experiments are calculated instead
205over model years 418–443 and 418–468. Figure 4, top,
206shows that the multi-decadal MHT and circulation variabil-
207ity is strong in the Northern Hemisphere with intensive
208variability of hemisphere-wide cyclonic gyre supplying the
209north-east part of the basin with heat (red color in the upper
210right corner of the upper panel). Both restoring (middle
211panel) and flux adjustment (bottom panel) partially suppress

Figure 3. Power spectra of the water temperature (top),
meridional overturning circulation (middle), and meridional
heat transport (bottom). Vertical bars show 95% confidence
intervals.

Figure 4. (Top) Meridional heat transport (MHT (TW),
color) and vertically-averaged circulation anomalies (‘‘NO’’
experiment) for the negative phase of the MHT multi-
decadal variability. (middle and bottom) The MHT and
circulation anomaly differences between ‘‘RES3’’ and
‘‘NO’’ experiments and ‘‘FLAD’’ and ‘‘NO’’ experiments,
respectively (see text for details).
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212 this variability. For example, multi-decadal variability of the
213 idealized ‘‘Gulf Stream’’ (lower part of the cyclonic gyre) is
214 weakened by restoring and flux adjustment with reduced
215 MHT variations. Since the advective northeastward heat
216 transport is suppressed in ‘‘FLAD’’ experiment, there
217 should be other means by which the system maintains
218 anappropriate level of low-frequency WTA in the idealized
219 North Atlantic. Surface heat flux diagnosed from experi-
220 ments with restoring and used for flux adjustment
221 provides these means: this flux does not exceed 1–2 W/m2,
222 however, local values over the ‘‘Gulf Stream’’ area are as
223 high as 10–15 W/m2. This suggests that flux adjustment
224 mis-represents physical mechanisms substituting, for
225 example, dynamically-driven meridional heat transport
226 by equivalent amount of heat supplied thermodynamically
227 (i.e., locally, through surface heat fluxes). The goal of this
228 analysis was not to reproduces realistic physical processes
229 governing the Gulf Stream (among other reasons, our
230 resolution is not adequate), but to point out that physical
231 mechanisms which drive simulated variability are different
232 in the three above cases.
233 [11] Decadal and multi-decadal forcing, through nonlin-
234 ear interactions, generate additional oceanic modes of
235 variability (overtones) at several periods within 10–50-year
236 band and at longer periods (Figure 3). In this, each basic
237 (forcing) mode with 10- and 50-year period, due to the
238 model nonlinear terms, generates oscillations whose periods
239 are linear combinations of the original periods. Many of
240 these spectral peaks are suppressed by restoring. For exam-
241 ple, in ‘‘NO’’ experiment, themodel generates low-frequency
242 variability of MOC at periods >50 years (clearly seen by
243 tracing the negative tips of 50-year cycle envelopes shown
244 by blue line in Figure 2, middle). MOC from ‘‘RES3’’
245 experiment (and also from ‘‘FLAD’’ experiment) does not
246 show this behavior (Figure 2, middle). Surprisingly, in
247 many cases flux adjustment leads to amplified overtones.
248 Spectral analysis provides evidence that, for example, the
249 MHT overtones are stronger in ‘‘FLAD’’ experiment than
250 in ‘‘NO’’ experiment (Figure 3, bottom). The model also
251 generates much stronger MOC peak at 0.06 year�1 frequency
252 (period �17 years) in ‘‘FLAD’’ experiment (Figure 3,
253 middle) which may explain differences between time series
254 of the MOC from ‘‘NO’’ and ‘‘FLAD’’ experiments apparent
255 in Figure 2, middle.

256 4. Conclusions

257 [12] Global and regional models often use restoring or
258 flux adjustment to suppress drift of a numerical solution
259 from a mean state. We used a multi-century model runs to
260 investigate possible impacts of restoring and flux adjust-
261 ment on simulated oceanic variability of an idealized ocean
262 (roughly imitating the Atlantic Ocean). Our experiments
263 show that restoring suppresses variability, causes lagging of
264 phase, and misrepresents nonlinear relations in the model,
265 suppressing overtones. Flux adjustment is less damaging for
266 simulated variability. However, for some important climatic
267 parameters flux adjustment distorts variability in a way
268 similar to restoring. For example, it suppresses low-frequency

269variability of the meridional overturning circulation and
270causes a phase shift of multi-decadal mode of the meridional
271heat transport. Flux adjustment is also selective with
272regards to nonlinear effects, suppressing some overtones
273and amplifying others. An important negative effect of flux
274adjustment found in our simulations is that it may mis-
275represent physical mechanisms substituting, for example,
276dynamically-driven meridional heat transport by equivalent
277amount of heat supplied thermodynamically (i.e., through
278local surface heat fluxes). Our simple model suggests that
279restoring provides a poor framework for simulation of
280climate variability. Flux adjustment may be useful for
281simulation of some parameters, however there is a danger
282of suppressing or amplifying modes of variability, creating
283phase distortions and/or misrepresenting physical mecha-
284nisms hidden behind natural variability. Thus, it is important
285to recognize possible limitations of this approach when
286previous and future modeling simulations with flux adjust-
287ment are considered.
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