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Abstract 

et Office adjoint-

 impacts can 

is due to 

ation scheme and 

ion of the 

impact results, a simple 

way of monitoring for exaggerated impacts is proposed. We believe that a modified 

 and adjoint model system will alleviate the instability in future. 

n to the next. It 

s a linear approximation to attribute the reduction in error (known as the impact) to 

each observed datum in the assimilation cycle. A good estimate of the impact due to 

ervations and 

e Met Office 

s to other 

e of observational 

information assimilated. All impacts are produced simultaneously and can be easily 

 satellite 

tate-of-art global 

e impact values for single observations which are very 

large (Joo 2011); so large that the relative impacts of observation systems can be 

 impacts will 

of this note is to 

discuss possible causes of exaggerated observation impacts and to propose methods 

for diagnosing their presence in results. 

 

This note briefly describes the adjoint-based observation impact method implemented at 

the Met Office (section 2) and shows the results of an investigation into the causes of 

Abnormally large observation impacts which are occasionally found in M

based observation sensitivity studies are investigated. These few large

account for more than 20% of the total global impact. It was found that this 

problems with computational stability of the adjoint model’s time-integr

that the large impacts can be removed by increasing the temporal resolut

adjoint model. To avoid misleading interpretation of observation 

version of PF

1. Introduction 

The adjoint-based observation impact method (Baker and Daley 2000) measures 

reductions in a quadratic measure of forecast error from one forecast ru

use

each observing system can be calculated by summing over many obs

runs. 

 

The method is used in several NWP centres – this note is based on th

system documented by Lorenc and Marriott (2012), which gives reference

systems. The system estimates a forecast impact for each piec

aggregated. This capability is extremely useful in evaluating the impact of

observations, which consist of many sub-types, to the forecasts of a s

NWP system assimilating more than 106 observations each forecast cycle. 

 

Occasionally the method can giv

affected even when results are accumulated over several runs. These large

hereafter be known as ‘exaggerated’ observation impacts. The purpose 
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exaggerated observation impacts in a particular case (section 3). There is further 

discussion in section 4 and a summary in section 5. 

nearised 

 Th s starts from a 4D-

n which c

2. Equations 

We follow the notation of Lorenc and Marriott (2012) and summarise the li

equations used to calculate the adjoint sensitivities. e NWP proces

Var data assimilatio alculates an analysis increment, 0w , from a 

observation innovations (

set of 

 o bHy x ) and the background forecast state, bx . The matrix 

of weights given to each observation at each g lman 

Gain matrix, K. (4D-Var is efficient because it avoids calculating K explicitly.) 

ridpoint is traditionally called the Ka

0 ( ( ))o bH  w K y x    

This analysis increment is then added to the background and a new fo

time t. By comparison with a forecast, also valid a

 (1) 

recast run out to 

t time t, but initiated from the previous 

analysis (i.e. an extended version of the forecast which provided the background for the 

current analysis cycle) we can calculate the change in the forecast state due to the 

d by assimilation of observations. This can be approximate

0,0Mw w tt  .                 (2) 

in error due The change to the current analysis step is given by 

 Tfbfa
t t tJ  w C  (3) 

where 

 w w    

fa
tw  and fb

tw

 background

 are differences from the verifying analysis of the forecasts from 

analysis and , and the inner-product matrix, s a al  norm. 

Partial differentiation with respect to 

C, give  tot energy

tw  whilst holding fa fb w w  constant gives the t t

adjoint sensitivity with respect to the forecast difference: 

ˆ ( )
fa fb
t t

T

fa f
t t

t

J

 

  




 
     w w

w C w w
w

b
t    (4) 

where the ^ symbol conventionally denotes an adjoint vector of sensitivities to the 

corresponding vector in the forward calculation, in our case always using an identity 



 

                             
 

4 
© Crown copyright 2012 
 

m J over the interval atrix inner product1. (This is equivalent to taking the finite gradient of 

tw .) The inner-product of (4) with the vector of forecast differences gives an exact 

expression for the total forecast impact: 

  ttJ ww  ˆ .                      

We can express the fore

T
                          (5) 

cast differences in terms of the observation innovations by 

substituting (1) into (2): 

  bo
tt H xyKMw  ,0  .                                        (6) 

If we then substitute (6) into (5) and rearrange, we obtain a linear approx

total observation impact in terms of observation innovations. 

imation to the 

       booboTT )(ˆ)(ˆ,0

TT

tt HHJ xyyxywMK     (7) 

where ˆ oy is the vector of adjoint sensitivities with respect to observation innovations. In 

order to analyse individual contributions to the tot ct  w n th ervation-

(8). 

al impa from ithi e obs

set we evaluate (7) for the kth observation, 

   kboT

k
o

k HJ )(ˆ xyy   .    (8) 

Substituting (6) back into (8) and rearranging gives 

 kbo
k

T HJ )(ˆ 0 xyKw  .      k     (9) 

This expression helps to understand the character of the observation impacts. I.e. they 

e analysis sensitivity vector, are equivalent to the inner-product of th 0ˆw , with the vector 

of analysis weights for the kth observation, kK , multiplied by the innova

observation. 

3. Investigation of Exaggerated Impacts 

tion for the kth 

We investigate exaggerated observation impacts produced by the Met Office adjoint 

sensitivity system. The nonlinear model is the Unified Model (UM) run at a horizontal 

 of the UM’s 

Perturbation Forecast (PF) model and is run at a horizontal resolution of N108. 

Observation impacts on a global 24-hour forecast dry energy norm initiated from the 

                                                

resolution of N320 with 70 vertical levels. The adjoint model is the adjoint

 

Since derivatives such as1  
t

J




 w
 are conventionally treated as row vectors, while adjoint model 

states are conventionally column vectors, we transpose one before defining them to be equivalent. 
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18UTC 5 June 2010 analysis are shown in Figure 1. Total observat

2.5 degree grid boxes are shown. The observation impacts in each grid box

expressed as a percentage of total global forecast impact. The obse

coast of Antarctica accounts for more than 10% of the total global impact

ion impacts for 2.5 by 

 are 

rvation impact at the 

. This is 

obviously too large to be interpreted as the impact of such a small set of observations. 

 

Figure 1. Percentage values of the observation impact normalised by th

impact at 18UTC 5 June 2010 on the coast of Antarctica. 

e total global 

 by so-called 

ollowing. 

Under these conditions, when the observation density is low or there is an abrupt 

is 

rresponding to 

ast sensitivity to 

e observation sensitivity for 

ATOVS data which covers most of the horizontal and vertical region and which is related 

to the theta field. We can see that the observation sensitivity does not exceed the 

analysis sensitivity in the region and that the intense coastal feature is similar in each. 

This shows that the large observation impact in this case is not caused by super-

sensitivity but is a result of large analysis sensitivities in the region. 

 

It was thought that the large observation impacts seen might be caused

‘super-sensitivity’ which is defined by Baker and Daley(2000) as f

 

change in observation density, the magnitude of the observation and/or background 

sensitivities may greatly exceed the analysis sensitivity. We have defined th

phenomenon as ‘super-sensitivity’ 

 

Figure 2 shows the forecast sensitivity to observations and to analysis co

the impacts in Figure 1. For simplicity’s sake we only show the forec

analysis (i.e. analysis sensitivity) for the variable theta and th
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ntage values of the analysis sensitivity for theta field(a) and observation 

impact of ATOVS(b) normalised by the total global sum at 18UTC 5 June 2010 on the 

 
th l an

Figure 2. Perce

coast of Antarctica. 

The contribution of the g grid point to the tota alysis impact is 

 0 0ˆ T
g g

J   w w .    

The analysis sensitivity, 

 (10) 

0ˆw , and analysis increment, 0w , near to the

exaggerated observation impacts are examined to identify the main factor making the 

analysis impacts large. The analysis increment combines contributions f

gain and observation innovations as shown in (9). Figure 3 shows profil

averaged analysis impacts, sensitivities and increments and the horizontal distribut

those fields at the level of maximum analysis impact for each element in (1

sake of simplicity, only the theta field is shown. Other fields display simila

Values are normalised by the level averages so that outliers can be see

clear that the large fluctuation in analysis impact matches closely the analy

for the lower levels above the coast of Antarctica. We can say that the analy

(K) and

 area of 

rom the Kalman 

es of globally 

ion of 

0). For the 

r properties. 

n easily. It is 

sis sensitivity 

sis weights 

 observation innovations are not the reason for the large analysis impact in this 

case, meaning that approximations in background error covariances and observation 

error variances don’t contribute to the large observation impact and that the exaggerated 

impacts are not related to the misspecification of errors in analysis weights as discussed 

by Andersson et al. (2000), the problem actually lying in some component of the analysis 

sensitivity. 

b)a) 
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), and analysis increments (c, 

f) for the theta field of the analysis for 18UTC 5 June. Vertical profiles are normalised by 

zed by the level 

The analysis sensitivity is calculated by applying the adjoint of the linearised model to 

 values of adjoint 

erturbations 

averaged over the same horizontal domain as in Figure 3 at the level of 1120m, the level 

t integration is 

lys  the average 

adjoint sensitivity to the forecast difference - 

Figure 3. Analysis impacts (a, d), analysis sensitivities (b, e

the level-averaged value (a, b, c) and horizontal distributions are normali

averaged value at 1120m (d, e, f) where the analysis impact is largest. 

 

the adjoint sensitivity with respect to the forecast difference. We can diagnose the time 

at which large analysis sensitivities appear by plotting domain-averaged

sensitivity from time t to 0. 

 

Figure 4 shows the average sensitivity of 24-hour forecast error to model p

at 3-hour intervals throughout the adjoint PF-model integration. The sensitivity field is 

at which the largest analysis impacts are found. Met Office 4D-Var produces an analysis 

increment valid at the start of its 6-hour analysis window and so the adjoin

performed over 27 hours to find the ana is impact. The value at time 0 is

ˆ tw  in (4). It seems that the adjoint 

sensitivity fluctuates abnormally after 21 hours and then abruptly increases after 27 

hours of integration. The reason for the abrupt change in the mean theta field is not clear 

but it is worth checking the linearity assumption made in equation (8). This can be done 

by comparing the linearly evolved perturbation, L
tw , with the actual perturbation which 

b) c)

e)d) f)

a) 
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is the differe ackground, nce between the two nonlinear forecasts from analysis and b

NL
tw , as is shown in equation (11). 

fb
t

fa
t

NL
t www   , 0,0 ww t

L
t  M .    (11) 

 

Figure 4. Domain-averaged values of adjoint sensitivity to perturbations in t

at 3-hour intervals. The domain is from 95E to 130E and 50S to 80S. 

 

The di

he theta field 

fference between linear and nonlinear calculations of 24-hour forecast change due 

to analysis is shown in Figure 5. The mean temperature difference at 1120m exceeds 50 

degrees and its standard deviation is about 10,000 degrees. The difference is confined 

to the region of exaggerated observation impacts along the coast of Antarctica, shown in 

Figure 1. 
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Figure 5. The difference in linear and nonlinear 24-hour forecast (error) change due to 

line) profile 

0m (b). (The 

ale as the mean 

 

These results indicate a computational stability problem in the adjoint model’s integration 

scheme. Similar problems have been observed occasionally, often associated with static 

instability in the linearization state, small grid lengths E-W near the poles, and steep 

orography (Tim Payne, personal communication). A modified version of the PF and 

analysis. Global averaged mean (solid line) and standard deviation (dotted 

(a) and horizontal distribution at the level of maximum analysis impact, 112

standard deviation is divided by 100 for ease of plotting on the same sc

profile.) 

a) 

b) 
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adjoint model system has been developed to alleviate such problems. We

tested this case with this new

 have not yet 

 version, but we have found that a reduced timestep does 

eliminate the instability in this case. 

ions at different 

p of the 

ess than the 45 

 At temporal 

ute resolution 

ifference 

; with a 30-

nly 10 hours. 

This shows that in observation sensitivity studies using longer forecasts (e.g. 48 to 72 

hours) a shorter timestep would be needed to avoid the excessive growth of unstable 

modes.

 

Figure 6 shows the effect of performing the adjoint PF-model integrat

temporal resolutions. The timestep used for the adjoint forecast model ste

observation sensitivity calculation in this study was 30 minutes. This is l

minutes temporal resolution of the PF-model in the 4D-Var inner loop.

resolutions greater than 15 minutes results are similar to that at 15-min

(not shown here). As the timestep is increased to 20 minutes, the mean d

between nonlinear and linear forecasts becomes apparent after 20 hours

minute timestep a large difference in the mean theta field appears after o

 

Figure 6. Mean difference between the linear and nonlinear growth of analysis 

perturbations after 24 hours with timesteps in the linear model of 15 minutes (solid line 

with triangular marks), 20 minutes (dotted line with diamond marks), and 30 minutes 

(dotted and dashed line with asterisk marks). 
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The large difference between nonlinear and linear forecasts is removed f

15 minutes or less and the large difference in the low levels over Antarctic

Figure 4) also disappears (not shown here). The analysis and observa

the reduced timestep of 15 minutes are shown in Figure 7. The largest obs

impact is less than 0.2% of the total impact and the excessively large imp

or timesteps of 

a (shown in 

tion impacts with 

ervation 

acts in the low 

dified system. 

step of 15 

ect of the 

y tool. The 

tes PF-model 

tica where the large 

 found, while the impact of IASI data is under-represented. This result 

ws that checks for exaggerated observation impacts should be performed to avoid 

the effects of computational stability problems if observation impacts are to be 

interpreted correctly. 

 

Figure 7. Percentage values of the analysis sensitivity for theta field(a) and observation 

impact of ATOVS(b) normalised by the total global sum at 18UTC 5 June 2010 on the 

coast of Antarctica with adjoint integral timestep of 15 minutes. The scales are multiplied 

by 100. 

levels over Antarctica (see Figure 1) are not present in results from a mo

 

The observation impacts are recalculated with an adjoint PF-model time

minutes for the period from 18UTC 1 to 12UTC 7 June 2010 to see the eff

exaggerated sensitivities on the routine application of the adjoint sensitivit

comparison of total observation impacts between 15 minutes and 30 minu

timestep is shown in Figure 8. The adjoint sensitivity tool over-represents the impact of 

ATOVS and SYNOP observations which cover the coast of Antarc

sensitivities were

sho

a) b)



 

                             
 

12 
© Crown copyright 2012 
 

 

vation impact of each observation type for the period from 

 minutes (a) and 

 the adjoint-

mpacts on 24-

se 

ctica which 

act is different 

from that found in cases of so-called “super-sensitivity” and we found its cause lay in 

problems with the adjoint PF-model’s time-integration scheme. Similar problems have 

been seen in 4D-Var at the Met Office and a modified version of the scheme has since 

been developed. The problem can be avoided in this case by increasing temporal 

resolution making the adjoint integration computationally stable. 

Figure 8. Global total obser

18UTC 1 to 12UTC 7 June 2010 with adjoint PF-model timesteps of 15

30 minutes (b). 

4. Summary and future work 

We studied the cause of exaggerated observation impacts produced by

based observation sensitivities tool at the Met Office. The calculation of i

hour forecast error for the 18UTC 5 June 2010 analysis was investigated. This ca

showed extremely large observation impacts along the coast of Antar

accounted for ~20% of the total global impact. The large observation imp

a)

b
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We calculated observation impact with the reduced model timestep of

makes the adjoint integration stable in this study, and compared it with 

observation impact results using 30-minute timestep for the period from

12UTC 7 Jun 2010. SYNOP observations were measured as the 2

 15 minutes, which 

the routine 

 18UTC 1 to 

st important 
th in the 

 impacts were 

tion impacts in the region of 

the adjoint model instability were so large that the order of significance of observation 

leading results. 

mended that each component of the analysis impact 

be monitored such as in Figure 2. Analysis sensitivity fields for all variables can be made 

in the adjoint 

ies it would be prudent to first test the 

modified version of Var, mentioned in section 3, using the original PF-model settings. 

void any unnecessary cost in running the observation sensitivities system. 

not for measuring 

ences 

ackground 

ta assimilation 

scheme, and the explanation of a case poor convergence. Quart. J. Roy. Met. Soc. 126: 

Baker N. L., and R. Daley, 2000: Observation and background adjoint sensitivity in the 

adaptive observation targeting problem. Quart. J. Roy. Met. Soc. 128: 1431-1454. 

 

Joo S., 2011. Adjoint sensitivity tool applied to satellite observation over land. 

Presentation at DAOS Working Group 4. 

nd mo

observation type in the routine observation impact but became only the 11

revised impact study. IASI impacts were under-represented and ATOVS

over-represented in the routine observation study. Observa

types was largely affected leading to incorrect interpretation of results. 

 

It would be useful to routinely monitor for excessively large observation impacts during 

the application of the adjoint sensitivity tool to avoid the possibility of mis

As a preliminary attempt, it is recom

available for monitoring over the global domain with no additional costs 

sensitivity calculations other than storage. 

 

Although reductions in the timestep-length of the adjoint PF-model have shown to be 

effective in removing computational instabilit

This would a

Even then it is likely that a reduced timestep length may be required, if 

the impact on 24-hour forecasts then for longer ones. 
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